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Preface 


Tribology, derived from the Greek word “tribein” meaning “to rub” and “logos” 
meaning “principle or logic”, is usually defined as “the science and technology of inter- 
acting surfaces in relative motion”. It includes the research and application of princi- 
ples of friction, wear, lubrication and design. The committee appointed by the British 
Government and headed by Professor H. Peter Jost in its report submitted in 1966 
suggested to bring all the activities involving friction, wear and lubrication under tri- 
bology. Green tribology involves tribological aspects of environmental and biological 
impacts. Currently, green tribology had been gaining ground. This multidisciplinary 
field of science and technology is very important for the development of new prod- 
ucts in mechanics, materials, chemistry, life sciences and by extension for all modern 
industry. 

The current volume aims to provide recent information on progress in green tri- 
bology in five chapters. Chapter 1 of the book provides information on tribological 
materials (an eco-sustainable perspective) . Chapter 2 is dedicated to preparation 
and tribology performance of bio-based ceramic particles from rice waste. Chapter 3 
describes tribological behaviour and tribochemistry of Ti,SiC, in water and alcohols. 
Chapter 4 contains information on modelling and analysis of the oil-film pressure of a 
hydrodynamic journal bearing lubricated by nano-based bio-lubricants using a D-op- 
timal design. Finally, Chapter 5 is dedicated to wear performance of oil palm seed 
fibre reinforced polyester composite aged in brake fluid solutions. 

The current volume can be used as a research book for final undergraduate 
engineering course or as a topic on green tribology at the postgraduate level. Also, 
this book can serve as a useful reference for academics; researchers; mechanical, 
materials, environmental and manufacturing engineers; professionals in green tri- 
bology and related industries. The scientific interest in this book is evident for many 
important centres of the research laboratories and universities as well as industry. 
Consequently, it is expected this book will inspire and stimulate others to commence 
research in this field of green tribology. 

The editor acknowledges De Gruyter for this opportunity and professional 
support. Finally, I would like to thank all the contributing authors for their availabil- 
ity in this project. 


J. Paulo Davim 
Aveiro, Portugal 
November 2016 
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Prasanta Sahoo and Suman Kalyan Das 
1 Tribological Materials — An Ecosustainable 
Perspective 


Abstract: Due to the growing environmental concern, an initiative to switch toward 
ecofriendly options for engineering problems has been observed lately. Tribology 
is one such domain in which a lot of scope exists for employing ecosustainable 
solutions. This chapter discusses the tribological materials from an ecosustainable 
viewpoint. Various surface finishing methods and bio-friendly lubricants have been 
deliberated. Besides, suitable biomimetic techniques have also been presented. 
Finally, some aspects touching the economics and ecosustainable philosophies rele- 
vant to the subject have been discussed. 


1.1 Introduction 


Saving nature and promoting sustainable development are currently a burning issue. 
Till the middle of the last century, mankind was involved in the aggressive industrial- 
ization and development without paying any heed to the nature. However, since the 
end of the last century, an idea was floated about saving the natural resources and 
the environment. From the Kyoto Protocol in 1997 to the recent Paris agreement (on 
22 April 2016), all has been conceptualized as enforcement to this idea. Participation 
of 170 signatory nations in the Paris agreement is itself a testimony to the fact that 
worldwide awareness has been created about sustainable development. 

Researches in the field of tribology inherently have an ecofriendly touch. The 
objective of minimizing friction is saving of energy and resources, while reducing wear 
and corrosion leads to improvement in service life of device. Having a lower surface 
roughness again leads to lowering of friction. Friction can be reduced further by 
employing various types of lubrications. Now, attaching officially the ecosustainable 
aspect to tribology involves incorporating nature-friendly materials and processes. 
Preventing the use of toxic materials, reducing carbon footprint and emission of 
greenhouse gases (GHGs) contribute to making a particular process ecosustainable. 
Eco-friendly tribological processes promote the use of biolubricants, adoption of 
biomimetic techniques and so on. 

Around fifteenth century, Leonardo Da Vinci as an engineer was mainly con- 
cerned about the friction in his invented mechanisms, particularly during those 
days when not many techniques of energy generation were available. People relied 
on gravity and human energy for running of whatever small mechanisms that were 
available in those days. Friction continued to be the main concern for the study of 
mechanical systems for the next three centuries due to this reason. With the invention 
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of various energy generation solutions, these concerns gradually reduced, and wear 
of materials became an important aspect for study around the middle of the twenti- 
eth century. With time, several other aspects were highlighted, viz. advanced surface 
treatments and coatings, innovative lubrication solutions and so on. Toward the end 
of twentieth century due to global concern about environmental degradation, quest 
for system and energy efficiency and cost-effectiveness was heightened which trig- 
gered a growing interest in tribology. 


1.2 Concept of ecofriendly tribology 


Tribology is the study related to the surface of a solid or the interface between two 

surfaces. Friction, wear, roughness and so on are the popularly referred tribological 

attributes. The terms “green” and “eco” have been used as prefixes to innovative tech- 

nologies for reducing man-made greenhouse effects [1]. 

Billions of dollars are lost annually due to wear ($200 billion) and corrosion 
($300 billion) in the United States alone [1]. Again for any major component of 
mechanical system, it is estimated that the wear and friction losses can reach to 63 % 
of total cost incurred by the industries around the world [2]. Employment of surface 
engineering has been effective in reducing these colossal tribological losses. A lot of 
progress has been made in the field of tribology and surface engineering since 1970. 
Nowadays, innovative solutions are available for reducing wear in complex machin- 
ery that operates in hostile environment. 

In his address at the World Tribology Congress in 2009 at Kyoto, Dr. H. Peter Jost 
introduced the concept of “green tribology.” It explains the science and technology of 
tribological aspects related to ecological balance of the environmental and biological 
impacts. The prime objective was in the saving of energy and materials while maintain- 
ing a sustainable environment and a good quality of life [3]. One of green tribology’s 
principles touches the environmental implication of coatings and lubricants, develop- 
ment, optimization and implementation of ecology-friendly manufacturing, and imple- 
mentation of coatings [4]. This can be summarized with the aid of Figure 1.1, which 
illustrates a tribological system’s interaction toward global sustainable development. 

Taking into consideration, the subject of green tribology may make a tribological 
system complex. Wood [6], however, has mentioned some key elements that should 
be considered while designing such a system in the backdrop of global sustainable 
development. A good set-up should take the following elements into consideration [6]: 
— Energy savings — easy processing of natural materials rather than synthetic ones 

due to their low density. 

— Improving the quality of life — introduction of smart materials that are highly 
competitive to synthetic materials in terms of their high wear performance and 
durability. 

— Reduction in cost — worldwide research scope focused on the usage of natural 
resources thereby reducing the dependency on fossil fuels. 
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Figure 1.1: Tribological system’s interaction toward global sustainable development [5]. 
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— Environmental awareness - strict enforcement of rules and regulations imposed 
on the preservation of the environment, viz. Kyoto Protocol which is aimed at 
reducing emissions of GHGs and lowering carbon footprint. 

— Reducing wastage — recycling of waste into ecofriendly materials such as left-over 
fiber husks used as potential reinforcements in composite materials. 

— Material savings - establishment of research and development works, which 
utilizes high-end modeling software to simulate the optimum tribological perfor- 
mance of a material before commercially produced. 


1.2.1 Monitoring and minimization of carbon footprint 


Carbon footprint is defined as the total amount of GHG produced directly and indi- 
rectly by an individual, event, organization or product and is normally expressed in 
equivalent tons of carbon dioxide (CO,). GHGs can be emitted through transport, land 
clearance, and the production and consumption of food, fuels, manufactured goods, 
materials, wood, roads, buildings and services. The 90 % of global GHG emission is 
due to three major emitting sectors: energy, transportation and manufacturing indus- 
tries (Figure 1.2). 

There has been global effort to reduce the emission of GHGs since the Kyoto Protocol. 
One of the key features of the Protocol is emission reduction in six GHGs, such as 
carbon dioxide(CO,), methane (CH,), nitrous oxide (N,O), hydrofluorocarbons, per- 
fluorocarbons and sulfur hexafluoride (SF,). From Figure 1.2, it is found that energy 
sector dominates in GHG emission. Fossil fuels still supply about 86 % of the world’s 
energy [1]. Among fossil fuels, major shares belong to oil (37.33 %), followed by coal 
(25.33 %) and then gas (23.33 %). For fossil fuel-based plants, improvement in power 
generation industry is the major task involved in reducing GHG emission. India, one 
of the largest GHG emitters, has come up with a concept of setting up coal-based 
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Figure 1.2: Contribution by major emitting sectors of greenhouse gases [1]. 


energy-efficient UMPP (Ultra Mega Power Projects) Clean Development Mechanism of 
the Kyoto Protocol. The high-energy efficiencies of UMPPs reduce emission, while high 
capacities satisfy the needs of a power-hungry nation. Manufacturing industries and 
transportation sector are also major emitters of GHG. Among industries, large primary 
materials industries, including chemical, petrochemicals, iron and steel, cement, 
paper and pulp, and other minerals and metals emit almost quarter of world’s GHG. 

Reducing dependency over fossil fuels and turning toward renewable energy are 
some solutions to this ever-increasing GHG emission. Besides, the efficiency of systems 
directly involved in GHG production must be increased. One of the key aspects in 
increasing efficiency in most cases is the reduction of wastage due to friction. Hence, 
proper lubrication and other innovative tribological solutions can also contribute 
toward reducing carbon footprint. Finally, strict policies and laws must be introduced 
in every nation regarding lowering of the GHG emissions. 


1.2.2 Energy consumption 


Globally, energy consumption has grown more rapidly than the economy, which means 
that the energy intensity associated with an economic activity has increased. This fact 
poses important requirements for our industries to redouble efforts to reduce energy 
intensity and pursue a sustainable mix for the future. The major shares of currently 
consumed fuels are derivatives of fossil fuels which are nonrenewable and will even- 
tually be drying up. From Figure 1.3, it can be observed that oil remains the world’s 
dominant fuel followed by coal and natural gas. According to the BP Statistical Review 
of World Energy 2015 [7], world natural gas proved reserves in 2015 were sufficient to 
meet 54.1 years of global production while oil and coal for 52.5 and 110 years, respec- 
tively. Meanwhile, the global carbon dioxide (CO,) emissions from fossil fuel consump- 
tion grow rapidly and the accumulation of CO, (and other GHG) emissions from fossil 
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fuel use could cause dangerous climate change and serious negative impacts on human 
activities. Thus, it can be seen that global warming and limited fossil fuel supplies 
demand for a drastic change in the energy mix to favor renewable energy sources. Ina 
nutshell, solving the energy shortage and excessive consumption and GHG emissions 
have become the primary concern worldwide. Technically there are two solutions to this 
problem: first to find an alternative source of energy and second to improve the energy 
efficiency of devices. As the world functions with numerous moving components, 
friction between sliding pairs consumes a large portion of energy. It is estimated that 
one-third of the world’s total energy is wasted during friction. Hence, the total energy 
consumption due to tribological issues can be much higher. Use of advanced lubrica- 
tion technologies plays a significant role in saving energy, assuring the operation of 
machineries and reducing the occurrence of nasty accident in mechanical equipment. 


1.2.3 Economic analysis 


Industrialization and urbanization are a symbol of development. However, too much 
of these in the last few decades have negatively impacted the environment at sucha 
level that they tend to impair economic development in many developing countries 
and to lower the welfare of people in all future generations decisively [8]. Hence, eco- 
nomics will certainly play a pivotal role in the future of sustainable design. 

The dynamics of global issues are linked to natural, historical, cultural, social 
and political factors. However, the prominent power behind them is economic. Thus 
analysis of any environmental issue should include a careful investigation of the 
economic motives behind the activities that are responsible for the disruption of the 
nature. Any corrective measure in the form of policy measures in this regard should 
assess the impact on human activities. Moreover, the environmental issues are global 
and involve international equity and justice. Although global environmental issues 
mainly arise due to economic activities of developed countries, it is the people of the 
developing countries who have to suffer. Similarly, the future generation has to suffer 
due to the environmental issues created by the economic activities enjoyed by the 
present generation. Global environmental issues also concern the management of the 
atmosphere, the oceans, water, soil and other natural resources, and must therefore 
be addressed by the consensus of all the countries involved [8]. 

With time, people have begun to realize the advantages of economic analysis. 
Life-cycle assessment tools now tell a more complete story about the performance of 
any system. Life-cycle assessment is a technique to assess the environmental impacts 
associated with all the stages of a product’s life from cradle to grave. Various stages 
start from raw material extraction through materials processing, manufacture, dis- 
tribution, use, repair and maintenance and finally disposal or recycling. Life-cycle 
analysis can help avoid a narrow outlook on environmental concerns by: 

— compiling an inventory of relevant energy and material inputs and environmen- 
tal releases; 
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Figure 1.3: World fuel consumption trend over the years (1989-2014) [7]. (Oil consumption 
is measured in million tons; other fuels in million tons of oil equivalent). 


-— evaluating the potential impacts associated with identified inputs and releases; 
and 
— interpreting the results to help make a more informed decision. 


This type of philosophy could be suitably applied to tribological systems to have a sys- 
tematic evaluation of their impact on environment. If required, suitable modifications 
can be made to make the processes or system more environment friendly. 


1.3 Materials for tribology and surface engineering techniques 
1.3.1 Use of natural products 


Due to the incessant use of synthetic products, emission of GHGs seems to be uncon- 
trollable. However, with the rise in awareness, application of natural products in 
various sectors is increasing. Natural materials possess excellent properties such as 
high composite strength, low abrasive effects to processing equipment, easy to man- 
ufacture, light weight, low cost, biodegradable and recyclable [9]. Automobile is one 
of the sectors that is increasingly seeing the use of natural products. 


1.3.1.1 Application of natural fibers: Green composites 

In case of polymer-based composites, interest has been shown to replace the tradi- 
tional mineral-inorganic fillers by natural-organic fillers. This way the use of petrole- 
um-based nonrenewable resources can be reduced contributing to the ecosustainable 
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Table 1.1: Types of plant and fiber groups [5]. 


Wood fiber Fruit fiber Stalk fiber Bast fiber Seed fiber Leaf fiber 


Hardwood Coconut Bamboo Rattan Cotton Sisal 
Softwood Betel nut Wheat Hemp Oil palm seed Manila 
Sawdust = Rice Jute Kapok Banana 

-= - Grass Ramic Alfalfa Palm 

- - Barley Banana - Mengkuang 
- - Corn Flax = Date palm 
= = = Sugarcane = Pineapple 
= = = Kenaf = Abaca 

- - - Roselle - - 


development. There are many takers for these so-called green composites in spite of 
some limitations, viz. processability, ductility and dimensional stability. These limita- 
tions are being attempted to be eliminated through chemical modification of the filler, 
use of adhesion promoters and additives. However, a full biodegradability, and thus a 
really better environmental impact, can be obtained only by replacing traditional poly- 
mers (coming from nonrenewable resources) with biodegradable ones. Table 1.1 shows 
the classification of useful natural fiber indicating types of plant and fiber groups. 

Now, operating factors such as contact conditions, PV (pressure velocity) factor, 
environmental conditions and so on have tremendous impact on the tribological per- 
formance of polymeric composites. There is a potential for natural fiber-based poly- 
meric composites which show significant improvement in friction and wear property. 
As natural fibers are soft due to their high cellulose content, they are gentle on the 
processing equipment which incurs lesser abrasion. Moreover, natural fiber compos- 
ites (NFCs) have the ability to deform well under adhesive sliding conditions resulting 
in lesser thermomechanical loading of synthetic resins thereby lowering the interface 
temperature. Most of NFCs subjected to dry adhesive test tend to form a thin back film 
transfers on the worn surfaces which protect the surfaces from further severe wear. 
Figure 1.4 illustrates the common configurations of reinforcement that are adopted for 
composite fabrication [9]. 

Lot of progress has been made in the field of tribology involving the study of wear 
and friction performance of natural fiber-reinforced polymeric composites for bearing 
applications in recent years [5]. Having comparable performance as with synthetic 
fibers such as glass fibers, there has been a tremendous growing interest of using 
natural fibers polymeric composites by automotive industries and manufacturing 
sectors. Plant-based fibers and composites are nowadays used to make various auto- 
motive parts as given below [5]: 

— Sisal, hemp and flax fibers: interior door padding, floor panels and linings 
— Coconut fibers: head restraints and back cushions 
— Cotton fibers: interior sound proofing material 
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Figure 1.4: Commonly used reinforcement configurations [5]. 


Moreover, NFCs derived from thermoplastic and thermosetting matrices are being 
used as inner door pocket components and spare wheel wells by the automotive 
industry [10]. Natural fibers can be classified into three main categories, viz. vege- 
table fibers, animal fibers and mineral fibers (e. g., asbestos). Further, these fibers 
are preferred as reinforcements by the automotive industry for structural applications 
due to their high fiber strength properties [11]. 

Many research papers based on homegrown fibers have been reported in the liter- 
ature. The fibers include oil palm, sugarcane, kenaf, jute, banana, betel nut, coir and 
sisal fibers [5]. Apart from being environmental friendly, the advantages of natural 
fibers over synthetic ones include the following: are lighter in weight, renewable, 
nonabrasive to process equipment, low in cost, flexibility in usage, exhibit high spe- 
cific mechanical properties, better crash absorbance, good sound insulation proper- 
ties, naturally recyclable and biodegradable [12]. For these reasons, natural fibers are 
replaced with synthetic fibers more and more in various types of polymeric compos- 
ites. Natural fibers being ecologically favorable are also very economical because of 
their less processing cost. It is reported that 3.07 million tons of CO, emissions and 1.19 
million m? of crude oil can be saved by substituting 50 % of synthetic fibers with NFCs 
in automotive applications of North America alone [13]. 

Although well accepted, natural fibers also have some limitations, viz. variation 
of chemical compositions due to their different geographical locations. Besides, the 
stage of growth when harvested also affects the fiber maturity and strength. Also due 
to the presence of hydroxyl groups, they readily absorb moisture [14]. Hence, variation 
in quality and degree of refinement is unavoidable based on geographical locations 
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and weather conditions. Other significant disadvantages include low processing 
temperature (<200 °C) [15], low thermal stability, poor crease resistance, brittleness, 
fiber-shedding and yellowing when exposed continuously to sunlight [16]. 

Several researches have concluded that the tribological behavior of natural fiber 
polymeric composites is not intrinsic but depends on many factors such as contact 
conditions, operating parameters, type of resin used, fiber and matrix bonding char- 
acteristics through different chemical treatments and types of fibers [5]. Oil palm 
fiber-reinforced polymer composites are found to have three to four times improve- 
ment in wear performance and about 23 % lesser friction compared to neat polyester 
(NP). However, at high sliding velocity, the oil palm fiber experienced pullout and 
further split into small fibers which assisted to fill the gaps of the debonding region 
on the worn surface thereby lowering the material removal process. Nirmal et al. [5] 
further reported that palm fiber-reinforced composites exhibited 99.80 % and 43.20 % 
improvement in wear and friction properties, respectively, when aged in diesel [5]. 
This is due to the porous surface of the fiber surface which was completely filled with 
diesel solution during the aging process in such a way that even after drying some 
diesel solution remained trapped on the fiber surface. This trapped solution provided 
lubricating effect during the dry adhesive wear test resulting in the lowering of the 
friction. Moreover, aging in diesel resulted in the best wear resistance compared to 
aging in engine oil, petrol, water and saltwater. 

Hibiscus fibers as reinforcement in epoxy matrix also resulted in the enhance- 
ment of friction and wear properties. The improvement in wear and friction perfor- 
mance of treated hibiscus fibers reinforced PU (polyurethane) composite is enhanced 
by 59 % and 90 %, respectively, as compared to neat PU composites [17]. Besides, 
hibiscus fiber composites have been used in bearing applications since the fibers 
possess excellent bonding properties with various polymeric resins. Reinforcing NP 
with treated and untreated oil palm fibers improved the average wear performance of 
the NP by 60 % and 55 %, respectively. Wear and friction performance of the alkaline 
and bleached fibers reinforced polyester composite are improved by 26.9 % and 22 % 
(for wear) and 9.2 % and 5 % (for friction), respectively, as compared to the untreated 
polyester sample. For bamboo fiber, the wear, friction and temperature properties 
for AP-O (anti-parallel orientation) are enhanced by about 60 %, 46.4 % and 34.7 %, 
respectively, at 2.22 m/s of sliding speed as compared to neat epoxy [5]. In case of sug- 
arcane the wear rate is lowered by 20-50 % at 5 mm fiber length while attaining a low 
friction coefficient of 0.015 as compared to the 10 mm fiber length. For betel nut fiber, 
wear and frictional performance of NP is enhanced by almost 98 % and 73 %, respec- 
tively. It is concluded that AP-O had the best wear and frictional performance since it 
is lowered by 54 % and 95 % as compared to the dry mode. In case of dry condition, 
the wear mechanism for AP—O is predominated by micro-cracks, plastic deformation, 
de-bonding and detachment of fibers. However, in case of wet condition, the wear is 
predominant by de-bonding, delaminating and detachment of fibers associated with 
loose and torn fibers which are observed at the worn surfaces of the composite. 
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An attempt has been made to utilize saw palmetto spent (SPS) in the fabrica- 
tion of polypropylene (PP)-based hybrid green composites [18]. Moreover, modified 
montmorillonite clay (MMT) is used as a co-filler. The tensile modulus is found to 
increase with increase in filler content. Moreover, the composites displayed improved 
flexural behavior with 21 % and 45 % increase in flexural strength and flexural 
modulus, respectively, when compared to neat PP. The tribological tests reveal that 
wear volume of the PP/SPS/MMT composite increases with increase in sliding dis- 
tance and applied load. Besides it also increases with increase in filler loading. There 
is no evidence of damage on the composite samples against silica sand especially at 
lower filler loading, indicating that these materials are resistant to wear under given 
loading conditions. However, for higher filler loading, wear against sharp silica sand 
particles is predominantly abrasive in nature. Besides, increase in filler composition 
has an adverse impact on abrasive wear. Microploughing and detachment of SPS filler 
particles from the matrix caused by surface fatigue is found to be the dominant mech- 
anisms for abrasive wear of the composites. 


1.3.2 Surface modification techniques 


1.3.2.1 Eco-friendly coatings 

Shi et al. [19] developed a novel method for preparing eco-biodegradable self- 
lubricating coating based on hydroxypropyl methylcellulose (HPMC) through hydra- 
tion process. The HPMC coatings are homogeneous and exhibit a smooth surface. 
It is found that the preparation parameters, viz. the weight percent of HPMC and 
water concentration, play a critical role in controlling the lubricating behavior of 
the coating. Moreover, excess HPMC and water concentration suppress the tribolog- 
ical properties of the coating. The coating displayed a remarkable friction reduction 
and anti-wear performance. Deposition parameter of 5 % HPMC + 30 mL water sig- 
nificantly improves lubricant performance and durability of the coating. The HPMC 
coating is a promising lubricant material with great friction reduction and anti-wear 
characteristics, especially in the green tribology and MEMS (Micro-Electro-Mechani- 
cal-Systems) applications. 

Nowadays, materials that can outfit the performance requirements and at the 
same time satisfy the necessary boundary conditions are in great demand. Research- 
ers are in constant search for these types of smart materials. Many such smart coatings 
have already been developed, whose structure and composition (on a macro-, micro- 
or nano-level) can be intentionally manipulated to affect the properties in a controlled 
manner [20]. These types of materials are also called programmable or designed mate- 
rials, which have evolved as a result of the historical development of the material 
science, beginning with the construction and functional materials and arriving gradu- 
ally to the intelligent or smart materials. They have one or more properties that can be 
changed in a controlled manner by external stimuli, such as stress, temperature, mois- 
ture, pH, electrical or magnetic fields, and achieve a specific functionality in a system. 
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1.3.2.2 Reducing dependency on conventional energy resources during 
development 

All the surface treatment and coating deposition techniques require energy for their 
development. The energy required is primarily in the form of electrical (electro- 
deposition, ion implantation, etc.), thermal (transformation hardening, thermochem- 
ical treatment, vapor deposition, etc.) and chemical (chemical deposition, chemi- 
cal vapor deposition, etc.). Moreover, in general the coatings require finishing post 
development which again requires electricity. Hence, from the initiation to the final 
product, coatings have a significant carbon footprint. 

With time, new discoveries have been made and some environment-friendly 
coating techniques have been evolved. Once of them is the electroless deposition 
technique which does not require electricity for deposition. Moreover, the coatings 
especially electroless nickel variety possesses commendable tribological properties 
[21]. Electroless nickel coatings are hard, wear resistant and corrosion resistant. 
The coatings are very smooth and uniform even for intricate geometries of the sub- 
strate. This means that the coatings do not require any addition post-processing 
after development. The hardness of the coatings can further be increased by heat 
treatment, and Ni-B coatings after heat treatment are found to achieve hardness 
near to that of chrome coatings. Moreover, the deposition process has the advan- 
tage of several elements (tungsten, molybdenum, copper, etc.) and particles (SiC, 
B,C, TiO,, ALO,, etc.) being co-deposited along with the coatings inducing superior 
tribological characteristics onto the coating. Electroless nickel coatings happen 
when the substrate to be coated is inserted into the bath containing a nickel salt 
(nickel chloride, nickel sulfate, etc.), reducing agent (sodium hypophosphite, 
sodium borohydride, etc.), complexing agents (sodium citrate, ethylenediamine, 
etc.), stabilizer (lead nitrate, thallium acetate, etc.) and other additives. Now, on 
strict terms the coating deposition is not entirely free of conventional energy, as 
after inserting the substrate into the bath the latter has to be heated. Now, heating 
is normally done on hot plates that operate on electricity. Hence, some technique 
to employ renewable energy, viz. solar energy, biogas and so on, for heating the 
bath may be investigated. This way, the process can be totally made independent 
of conventional energy sources. 


1.3.2.3 Using sustainable chemistry during development 

Many of the coating processes require chemicals that are toxic and very harmful 
for ecology. For example, chrome coatings are popular for their decorative applica- 
tions, corrosion resistance and surface hardness. However, from a health standpoint, 
hexavalent chromium is the most toxic form of chromium. In the United States, the 
Environmental Protection Agency (EPA) regulates it heavily. The EPA lists hexavalent 
chromium as a hazardous air pollutant because it is a human carcinogen, a “prior- 
ity pollutant” under the Clean Water Act, and a “hazardous constituent” under the 
Resource Conservation and Recovery Act. Due to its low cathodic efficiency and high 
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solution viscosity a toxic mist of water and hexavalent chromium is released from 
the bath. Wet scrubbers are used to control these emissions. To protect the environ- 
ment, the discharge from the wet scrubbers is treated to precipitate the chromium 
from the solution because it cannot remain in the wastewater. Additional toxic waste 
created from hexavalent chromium baths include lead chromates, which form in the 
bath because lead anodes are used. Barium is also used to control the sulfate con- 

centration, which leads to the formation of barium sulfate (BaSO i which is again a 

hazardous waste. The issue can be somewhat handled by using trivalent chromium 

instead of hexavalent. The former is less toxic and more ecofriendly. There is an effort 
worldwide to replace chromium plating with more environment-friendly options. 

Thankfully some processes have been found to yield deposition with matching capa- 

bilities as follows: 

— Thermal sprays: Primary replacement for most commercial and military aircraft 
repair, and for large actuators on mining equipment. Best performance. Cannot 
be used for deep internal diameters and high strain fatigue applications. High- 
velocity oxy fuel is the most suitable. 

- Electro- and electroless plates (usually based on Ni or Co): Good for internals. 

- Vacuum coatings: Physical and chemical vapor deposition, OEM (Original Equip- 
ment Manufacturer) applications only. Not for rebuild. 

— Heat treatments: OEM applications only. Not for rebuild. 

— Laser and weld coatings: localized repair. 


1.3.2.4 Surface treatments 

Surface treatment is another surface modification technique that involves the appli- 
cation of heat, chemicals and so on, to change the surface properties (up to a certain 
depth) of a material. Most of the thermal heat treatment methods available for steel in 
general require very high energy and hence capital intensive. In most cases, the entire 
component must be treated, even though only a limited area involved in tribologi- 
cal contact may need hardening. Friction stir processing (FSP) is used to harden the 
surface of steel and it is found that the same resulted in twofold increase in the wear 
resistance of steel compared to conventional heat-treated surface [22]. The improved 
wear performance is believed to be due to the extreme grain refinement accompany- 
ing FSP, which further resulted in the formation of ultrafine martensite phase in the 
processed material. 


1.4 Ecofriendly lubricants 


Lubrication plays a significant role in energy saving and reducing CO, emission by 
increasing the fuel efficiency. The service life of machineries is also prolonged by the 
use of proper lubrication. With the advancement of novel synthetic approaches, and 
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nanoscience and technologies, novel lubrication oils and additives and their formu- 
lations are being developed to reduce friction and wear; and novel surface treatment 
routes and surface coatings are invented and provide more efficient lubrication. 
These technologies create tremendous chances for machines to work more efficiently 
with low energy consumption. Since the discovery of petroleum, mineral oil-based 
lubricants have become popular. Now, the bulk of the lubricants end up in the envi- 
ronment through usage, spill, volatility or improper disposal creating environmental 
hazard. Thus, there is increased demand to replace fossil-based lubricants by degra- 
dable ecofriendly green lubricants. 


1.4.1 Vegetable oils 


The lubricants whose base oil and the additives are derived out of the renewable 

sources are termed as ecofriendly or green lubricants. These lubricants are naturally 

ecofriendly and biodegradable. The vegetable oils are the primary choice for the for- 
mulation of ecofriendly lubricants as they are renewable, nontoxic and biodegrada- 
ble. They have been in use since the ancient times before the discovery of fossil fuels. 

Vegetable oils are the liquid or semisolid plant products composed of glycerides 
of the fatty acids [23]. Different types of fatty acids include saturated fatty acid (lauric 
acid, palmitic acid and stearic acid), monounsaturated fatty acids (oleic acid), poly- 
unsaturated fatty acid (linoleic acid), hydroxy fatty acid (ricinoleic acid) and epoxy 
fatty acid (vernolic acid). Advantages of using vegetables as base oil in lubricant are 
as follows: 

- Esters have high flash point and result in lower emission of GHGs (mainly oxides 
of carbon) when compared with mineral oil. 

— Higher lubricity. 

- Totally free from aromatics. 

— When used as cutting fluids in metal cutting operation, tool life increases. This 
is because of the higher wetting tendency of polar esters resulting in reduced 
friction. 

- Higher viscosity index (VI) of the oils enables them to be used over a wide range 
of temperature. 

— They are renewable, biodegradable and nontoxic to the ecosystem. 


Reeves et al. [24] have investigated the friction and wear behavior of different veg- 
etable oils through pin on disc (Figure 1.5) tribotesting. It is found from the figure 
that avocado, olive and corn oil had the lowest coefficient of friction (COF), while 
safflower, sesame and vegetable oil had the highest COF. Again in case of wear rate 
it is found that avocado, safflower and olive oil have the lowest wear rates, whereas 
vegetable, corn and canola oil have the highest wear rates. Thus, it is found that 
avocado oil has the best friction and wear performance among all the vegetable oils. 
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Figure 1.5: Wear rate and coefficient of friction for different vegetable oils [24]. 


This performance of avocado acid may be attributed to the presence of natural oils 
with high percentages of monounsaturated fatty acids particularly oleic acid, which 
develop tightly packed carbon chains [23]. These chains offer better protection at the 
pin-disc interface, resulting in lower friction and wear. 

Soybean oil has been found suitable for use as hydraulic oil [23]. However, when 
exposed to temperatures of 200 °C, the oil darkened in color with strong odor. More- 
over, soybean oil showed compatibility with most materials, including seals and 
rubber hoses. Rapeseed oil and high oleic sunflower oil also have tested as hydraulic 
oil. It is found that coconut oil is relatively effective in reducing the tool wear and 
improving the surface finish compared to conventional mineral oil-based formu- 
lation. This study also showed that increase in cutting tool temperatures was less 
when coconut oil was used for lubrication during the turning of AISI 1040 steel with 
cemented carbide tool and improved surface finish in the presence of 0.5 % nanoboric 
acid suspensions [25]. 


1.4.2 Additives for ecofriendly lubricants 


Additives are organic or inorganic compounds dissolved or suspended as solids in 

lubricating oil. They impart new characteristics to the base oil or impart desirable 

properties to it. The concentration of additives in oil is variable depending on the 

application. They typically range between 0.1 % and 30 % of the oil volume, depend- 

ing on the machine. Additives have the following basic roles: 

— Enhance existing base oil properties with antioxidants, corrosion inhibitors, anti- 
foam agents and demulsifying agents. 

— Suppress undesirable base oil properties with pour-point depressants (PPDs) and 
VI improvers (VIIs). 

—  Impart new properties to base oils with extreme pressure additives, detergents, 
metal deactivators and tackiness agents. 
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Currently used additives are derived from a variety of elements, viz. phosphorus, 
sulfur, nitrogen and zinc, and many of which are hazardous to our ecology. Now, it 
is imperative that ecofriendly lubricants should also contain ecofriendly additives. 
Hence, researchers are in constant lookout for such additives which are suitable and 
compatible with these lubricants. Ashless phosphites and thioester are employed for 
green lubricants to prevent aging (oxidative degradation), which reduces lubricant 
performance by forming acids, varnish and deposits. Now, PPDs and VIIs are used to 
improve the flow properties of lubricants. Natural esters have poor low-temperature 
properties compared to synthetic ester and hence require PPDs. The VIIs are very rarely 
used in vegetable oil-based formulations, as the vegetable oils have high VI [23]. Addi- 
tives have also been made by condensation of various amines with di-(alkylphenyl)- 
phosphorodithioic acid, derived from renewable cashew nutshell liquid [26]. More- 
over, Saga et al. [27] have prepared an antioxidant additive for vegetable oils from 
microcrystalline cellulose. To obtain a high VI, as well as PPD, Karmakar and Ghosh 
[28] synthesized a homopolymer of sunflower oil and soybean oil. Many reports have 
been published on the use of modified chitosan as lubricant oil additive, like chitosan 
gallate and chitosan ester [29]. 

Polymers synthesized out of vegetable oils viz. soybean oil can also serve as effec- 
tive additives for ecofriendly base oil. Karmakar and Ghosh [30] synthesized homopol- 
ymers of soybean oil and copolymers with methyl acrylate, 1-decene and styrene by a 
thermal method using azobisisobutyronitrile as a radical initiator. Performance evalu- 
ations of the polymers as PPD, viscosity modifier/VII and antiwear indifferent mineral 
base oils are conducted by standard ASTM methods. All the polymers show excellent 
multifunctional performances as additives in lubricants. The VI, antiwear and pour 
point properties of the base fluids are enhanced significantly by the addition of these 
additives. Polymerization increases the thermo-oxidative stability of soybean oil. 
Copolymers of soybean oil with 1-decene and styrene perform as better VIIs. Copolymers 
of soybean oil with methyl acrylate and 1-decene perform as better antiwear additives. 
The soy-methyl acrylate copolymer has better PPD properties. It is easy to improve 
their tribological performance by natural additives, such as sugarcane, to fulfill the 
green tribology requirements. Stable additive materials including layered transition 
metal dichalcogenide, grapheme, diamond, metal nanoparticle and oxides/nitride are 
potential additives to improve tribology performance as well [19]. 

Latha et al. [31] reported the first successful application of poultry waste chicken 
feathers in the development of green, biodegradable and ecofriendly lubricant addi- 
tives. The additive was synthesized through three-step chemical functionalization 
of chicken feathers. Chicken feather was targeted as it is a poultry waste which is 
produced worldwide at 8.5 billion tons annually from the feather meal industry. It 
is a cheap, biodegradable and natural biopolymer having 91 % keratin protein. It is 
already known that 16-18 keratin has a high content of cysteine amino acid, consist- 
ing of sulfur—sulfur (disulfide) linkages and helps in stabilizing the keratin by forming 
network structure through joining of adjacent polypeptides by disulfide cross-links. 
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It is a widely known fact that disulfide moieties improve the tribological properties as 
they are supposed to help in surface film formation. The developed material is eval- 
uated as multifunctional lubricant additives in polyol and found to be a good antiox- 
idant as it increases the oxidative stability of the polyol by 1.5 times. The additive is 
also found to be a good anticorrosive; however, performance as an antiwar additive is 
moderate and does not show any antifriction property to a significant extent. 


1.4.3 lonic lubricants 


There is an increasing awareness among researchers to replace hazardous solvents, 
viz. benzene, toluene, dichloromethane, chloroform and pyridine with more environ- 
ment-friendly options. Ionic liquids (ILs) are one such alternative which has caught 
the attention of the scientific community over the past decade. Being nonvolatile, 
nonflammable, thermally and chemically stabile, they act as good solvents for major- 
ity of compounds and can also be used over a wide range of temperature. Besides, 
they can also be employed as catalysts, electrolyte materials and lubricants. Use of ILs 
as lubricants was started since 2001 and they further proved to be lubricant additives 
in base oils [32, 33]. 

In general, inorganic compounds with simple ions typically have small ions, and 
thus have high melting points. As these compounds are solids at room temperature, 
they have limited applications as lubricants. At high temperature, ionic solids melt 
and become molten salts. However, some substances with larger ions exist as ILs at 
room temperature. A lot of interest revolves around this room temperature ILs (also 
called RTILs) because of their properties, viz. negligible volatility, high ionic conduc- 
tivity, wide electrochemical potential window, chemical inertness and thermal sta- 
bility as mentioned earlier. Significant tribological properties are excellent lubricity 
and anti-wear capabilities for engineering applications. Their remarkable properties, 
such as thermal stability, chemical inertness and low volatility, make it possible to 
apply them under extreme lubricating conditions. The commonly studied IL lubri- 
cants typically consist of bulky cations, often imidazolium, quaternary ammonium 
or pyridinium cations, and halogen-containing anions like BF,-, PF,-, CF,SO,- and 
(CF,SO,),N— (TFSI-) [34-36]. These ILs have potential problems including the hydro- 
lytic instability of halogen-containing anions in the presence of moisture. This can 
lead to the liberation of significant amounts of toxic and corrosive hydrogen fluo- 
ride or POF, (phosphoryl fluoride), which causes environmental pollution as well as 
corrosive wear of metallic materials [37-39]. Hence, these ILs are nowadays facing 
challenges as ecosustainable chemicals. Moreover, the feedstocks used to prepare 
these ILs are expensive, and their synthetic processes are usually complex. Thus, 
nowadays, design and application of halogen-free or corrosion-inhibiting [40, 41], 
relatively cheap IL candidates from renewable and environment-friendly sources has 
become a considerable promising research in the field of IL lubricants. 
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Song et al. [42] synthesized ibuprofen ILs and found that they provide excellent 
tribological properties when used as lubricant in case of steel—steel and steel-copper 
contacts at both room temperature and 100 °C. When compared with conventional 
halogen-containing ILs, the synthesized ibuprofens are relatively cheaper due to 
inexpensive feedstock and simple preparation. Moreover, these ILs are stable in 
hydrolysis and cause no corrosion to the rubbed metallic surface. The friction and 
wear test results reveal that the ibuprofen ILs have more effective friction-reducing 
and anti-wear properties compared to poly-alpha-olefin (PAO40) and 1-hexyl-3- 
methylimidazolium bis(trifluoromethylsulfonyl)imide (L-F106) at 100 °C. 

Oil leakage is one of the major issues for IL lubricants. By the addition of gelators, 
ILs can be converted into ionogels [43]. The solid state of the gel can also be manipu- 
lated more easily and can effectively solve the problem of liquid leakage when used 
as lubricants. With the increasing need for solid devices containing RTILs, ionogels 
formed from low-molecular-weight gelators, polymers and inorganic materials have 
been prepared and applied to various fields [44]. 

Wang et al. [43] found that the lubricating performance of RTILs and the corre- 
sponding ionogels is almost found. However, they found that the lubricity of ethylam- 
monium nitrate could be enhanced greatly when it is gelated by a sugar surfactant. 
Also, gel lubricants formed from a sugar surfactant in different base oils have been 
reported to show high lubricating performances. Sugar surfactants can be synthe- 
sized from abundant renewable resources and are considered to be nontoxic, mild 
surfactants. Studies showed that they could biodegrade rapidly and completely in 
the environment [43], which is greatly beneficial for sustainable chemistry. It is found 
that sugar surfactant increases the lubricity of the ionogel [43]. Ionogels formed in 
1-hexyl-3-methylimidazolium tetrafluoroborate (LB106) exhibited splendid wear 
resistance which may be attributed to favorable viscoelastic properties. Overall, 
ionogel displayed better lubricity and antiwear capabilities compared with pure ILs. 
It is speculated that both the easy gliding of sheets in the lamellar structures and 
the protective film formed because of the coordination interaction of sugar molecules 
with metal ions contributed to the enhanced lubricating properties. However, with 
microstructural investigations it can be concluded that complicated tribochemical 
reactions occur on the worn surfaces, resulting in tribochemical products which con- 
stitute a protective film that enhances the lubricating properties of ionogels. 


1.4.3.1 Performance comparison with vegetable oil 

Reeves et al. [45] compared the friction performance of a vegetable oil (avocado 
oil) and an IL (trihexyl(tetradecyl)phosphonium cation and an appropriate organic 
anion) as base oils. They employed different additives with different particle size and 
came out with the result shown in Figure 1.6. Figure 1.6(a) shows the COF results for 
the avocado oil mixtures. It can be seen that the COF is dependent on the particle type 
and its ability to lubricate within the natural oil and not necessarily dependent on 
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the particle size, although smaller particles do lower friction. Interestingly, for indi- 
vidual particle types smaller particles have the lowest friction, for example, the hBN 
particles show a clear trend that smaller particles exhibit lower COF values. Of the 
four particle types investigated only the hBN and MoS, particles improved the fric- 
tion properties of the avocado oil. WS,, graphite and MWNT (Multi-walled Nanotubes) 
particles did not enhance the lubricity. The carbon nanotube particulate mixtures 
witnessed capillary effects that absorbed the avocado oil, creating a highly viscous 
slurry rendering the particulate mixture useless as a lubricant. Figure 1.6(b) shows 
the COF values of IL lubricant mixture. The COF results reveal that the smaller nano- 
meter and submicron-sized particles predominantly have lower COF values with the 
70 nm hBN particles having the lowest COF, preceded by the 55 nm WS,, 0.5 ym hBN 
and 0.6 ym WS, particles. Here, the 70 nm hBN particle demonstrates how an envi- 
ronmental-friendly particulate additive can maintain low friction in the presence of 
an ecofriendly IL. In the lubricant mixtures, larger particles of 1.5 or 2 um exhibited 
lower COF values than that of the pure IL lubricant with no additives. This further 
revealed how smaller particles enhanced the tribological properties by establishing 
smooth protective layers. Larger micron-sized particles such as the 5 um hBN particles 
and the 5 um MWNT exhibited higher friction coefficients beyond that of the pure IL. 
It is speculated that the abrasive nature of the larger plate-shaped 5 pm hBN particles 
reduced their effectiveness and capillary effects of the MWNTs hindered lubricity 
resulting in high friction. 

The dominating parameter that influences the effectiveness of solid particle addi- 
tives in natural oil lubricant is the particle type. But particle size does not play a major 
role. In case of ILs, however, the dominating parameter that influences the effective- 
ness of solid particle additives is particle size and not the particle type. Nanometer 
and submicron-sized particulate additives enhance the tribological properties of the 
base fluid with smaller particles having the greatest effect. Larger micron-sized par- 
ticles are detrimental to the tribological performance and increase the friction, wear 
and surface damage of the worn surface. 


1.4.4 Ecofriendly solid lubricants 


Green lamellar powders such as boric acid (H,BO,) and hexagonal boron nitride (hBN) 
are well-known solid lubricants for their low interlayer friction, ability to form a pro- 
tective boundary layer and accommodate relative surface velocities [46]. Generally, 
these powders tend to be more ecofriendly compared to the traditional liquid lubri- 
cants [47]. Molybdenum di-sulfide (MoS,) is also popularly used as solid lubricant. 
Boric acid and MoS, powder can also be used as an additive to the natural oil. These 
powders are effective in a broad range of applications to lower friction and minimize 
wear. Furthermore, they are environmentally benign and inert to most chemicals 
making them an attractive performance-enhancing additive to natural oils. 
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1.5 Implementation of reusable techniques 
1.5.1 Reutilization of used lubrication oil 


Lubricating oil is in high demand everywhere from big industries to personal auto- 
mobiles. Even simple household machines may also require lubrication. Lubricating 
oil gradually deteriorates with usage and is normally exchanged with new oil after 
a considerable time when it can no longer meet the operating requirements. Now in 
oil processing industries, lubricating oil is a high-valued product because its refin- 
ing machinery is complex. Besides, the cost of evaluation and quality control is also 
quite higher. Hence, the recovery and regeneration of lubricating oil may save a lot of 
resources and also prevent environmental pollution. A waste oil regeneration tech- 
nology was developed, which enhanced the tribological properties of rejected lubri- 
cating oil by effectively removing the abnormal composite wear debris [48]. Moreover, 
the load-bearing capacity and the friction performance of the oil almost reached close 
to that of the new oil. 


1.5.2 Utilization of waste cooking oil as lubricant 


The potential of using vegetable oils as lubricating agent has already been discussed 
in Section 4.1. Now, vegetable oils can be edible or nonedible oil with the availabil- 
ity of the former being more compared to the latter. Now, there are economic issues 
attached with the edible oil (feedstock first generation) being used as lubricant as the 
same may cause starvation in poor and developing countries [49]. Moreover, these 
can make ecological imbalance due to deforestation. Thus, second-generation feed- 
stock or “nonedible vegetable oil” is being seen as a proper green source for produc- 
tion of biodiesel. A variety of nonedible seed crop oils are available, viz. jatrophacur- 
cas, tobacco, deccan hemp, castor, jojoba, sea mango, coriander, salmon oil, desert 
date, cardoon, milkweed, tung and lucky bean tree. Moreover, waste cooking oil can 
be freely collected from food production industries, restaurants and houses using a 
special “recycle bin,” which again requires public awareness. 

Till date, utilization of such oils has mainly focused upon converting these oils into 
biofuels. Microalgae oils are considered to be “inexhaustible source of biodiesel” [49]. 
They are very economical when compared with edible oils. Microalgae give the highest 
oil yield, and its yield is “25 times higher than the yield of traditional biodiesel crops.” 
Biofuels produced from waste cooking oils have numerous advantages such as low 
emission (CO,, CO and NO), low cost and acceptable brake-specific fuel consumption. 
Biodiesel produced from waste cooking oil may improve the pump plunger lubrication 
conditions [50]. Biodiesels have significant effects on the engine from tribological point 
of view, that is, some biodiesel properties such as higher viscosity, lower volatility and 
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the reactivity of unsaturated hydrocarbon chains cause injector coking and trumpet for- 
mation on the injectors, more carbon deposits, oil ring sticking and thickening, and 
gelling of the engine lubricant oil [49]. However, the use of waste cooking oil as a proper 
lubricant has still not been reported. Nevertheless, these oils do have significant poten- 
tial to enhance tribological performances of devices. 


1.5.3 Recycling of waste Ni-Cd batteries into greases 


Tribological materials containing functional metal have become increasingly popular 
for making friction modifiers, metal plating greases, re-metallizers and so on [51]. 
Materials containing compositions of UDPs (ultra-dispersed powder) of individual 
soft metals [52], their alloys [53] or core-shell systems [54] have been marketed by 
various manufacturers for providing wear-less friction [55] and even the restoration of 
worn machine parts [56], including the repair of internal combustion engines. Copper, 
lead, nickel, tin, zinc and soon are the most frequently used metals for these types 
of applications. The production of these powders, especially in the ultra-dispersed 
state, involves high energy consumption, as well as special measures to stabilize the 
products and to prevent them against the harmful impact of the environment, most 
commonly atmospheric oxygen [57]. 

The possibility of salvaging the compact metals, alloys, oxides, salts, any 
metal containing materials and so on from the scrap and electrode materials of 
waste batteries and other industrial effluents present new sources for these raw 
materials as well as solve the disposal problem to a great extent. Moreover, this 
also presents a wide opportunity to use electrochemical technologies to produce 
metal UDPs. The electrochemical recycling of waste into efficient functional tri- 
bological materials, which possess high technical efficiency and are economically 
reasonable and environmentally friendly, fully complies with the principles of 
green tribology [58]. 

Nickel-cadmium batteries are quite popular and widely used. Hence, a lot of 
these batteries (expired) are dumped every day as waste, which also creates envi- 
ronmental hazard. Kuzharov et al. [51] present the possibility of producing UDPs of 
metals, which can serve as components of metal plating greases used to implement 
the effect of wearlessness during friction, from waste nickel-cadmium batteries. 
Electrochemical methods are employed for the synthesis of nickel and cadmium 
powders. Tribological tests are carried out on the metal plating greases (based on 
TSIATIM-201) that contain the produced UDPs. It has been found that the disposal 
of metal-containing waste makes it possible to produce functional tribological nano- 
materials, which comply with the requirements of green tribology, as well as possess 
fairly high technical efficiency and are economically reasonable and environmen- 
tally friendly. 
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1.6 Development of efficient systems 
1.6.1 Minimization of losses 


Any system or process can be made efficient by minimizing the losses associated with it. The 
losses may be in the form of energy, economy, time and so on. An efficient system is 
highly recommended for ecosustainable development. Hence, researchers around the 
world are always in search of efficient methods for providing engineering solutions. 
In case of tribology, chemical heat treatment is an effective method to optimize the 
surface properties of common materials and that too at low cost. 

Sulfurizing is a chemical heat treatment process which is used to form ferric 
sulfide (FeS) by infiltrating sulfur element into the surface layer of steel or iron parts [59]. 
The FeS film formed has excellent tribological properties and acts like solid lubricat- 
ing film. This is due to the close-packed hexagonal lattice crystal structure of the film 
similar to that of graphite and molybdenum which are already established solid lubri- 
cants. The structure provides low resistance to shearing force and easily slips along 
the plane of (0 01), thus exhibiting good tribological properties. Although sulfurizing 
technique has grabbed worldwide attention, the same failed to achieve large-scale 
industrial applications because of economic and environmental issues. Low-temper- 
ature electrolysis sulfurizing was developed in the late 1970s by French scientists and 
became very popular. However, this method too suffered from many environmental 
problems, viz. salt bath aging, absorption deliquescence, decomposition volatiliza- 
tion and stench producing. 

The low-temperature ion sulfuring (LTIS) technology can enhance the surface 
properties of ferrous metal materials easily without any change in the substrate struc- 
ture and its basic performance [59]. The operating temperature of LTIS is in the range 
of 200 °C where thermal deformation or the phase transformation of the workpiece 
can be ignored. Hence, LTIS method is particularly suitable for the final treatment 
of low-temperature tempered steel. Moreover, LTIS is operated in vacuum condition. 
Hence, there is no excess oxidation and inclusion and no need to clean the workpiece 
after LTIS treatment. The LTIS process is relatively stable and simple. The thickness 
and composition of sulfide layers can also be controlled easily by adjusting the 
process parameters, and it is easy to achieve automated production and industrial 
applications. 

The consumption of energy and time in LTIS is little; for example, a sulfurized 
layer of about 6-10 um thickness can be formed on common ferrous materials after 
sulfurizing for only 2 h at about 200 °C [59]. Hence, the production efficiency of LTIS 
technology is very high. In addition, LTIS process requires very less amount of raw 
materials, which consist of only a small quantity of ammonia and solid sulfur. Thus, 
the labor intensity and cost of LTIS technology are very low. 

Overall, LTIS technology is very much safe and ecofriendly. Unlike the cyanide 
salt bath sulfurizing, it did not use or release any toxic liquids; it can eliminate the risk 
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of explosion of gas sulfurizing; it can also avoid the flaws of salt bath aging, stench 
producing and instability of electrolytic sulfurizing process. When compared to the 
traditional techniques, LTIS technology has unique advantages of high efficiency, 
good effect and pollution free. It has been widely used in the surface modification of 
typical friction parts, such as bearing, gear and machining tools. 


1.6.2 Regenerative design 


Assanova et al. [20] presented the green tribology in the aspect of wear-reducing 
frictional coatings and regeneration of worn surfaces without joint dismantling. 
They considered copper frictional coatings in the case of nonabrasive treatment 
of steel surfaces. Their procedures of study of copper or brass frictional coatings 
considered selective transfer of materials. It is observed that the film forms on the 
friction surfaces of the bronze—steel tribocouple with glycerin lubrication passing 
first through dissolution of the bronze surface, where the glycerin acts as a weak 
acid. Due to the outgoing of the atoms of the elements (viz. tin, zinc, iron and alu- 
minum) absorbed in bronze into the lubricant, the bronze surface is gradually 
enriched with copper. Further, the friction deformation of the bronze surface causes 
more release of the absorbed elements into the lubricant, thus making the surface 
to have only copper. The surface pores are filled with glycerine, which is used as 
the reducer for copper oxides. Thus, the copper film is free from oxides and is very 
active with free ions and also highly adhesive for the steel surface. Assanova et al. 
[20] developed 2 um copper layers by selective transfer and found that mechanical 
and chemical transformations take place, for example, formation of surface-active 
substances on the friction surfaces; they interact chemically with the surfaces and 
form chemisorbed layers. The frictional coatings are ecofriendly as coat deposition 
(pollution-free technology) and as application through the improvement of the life- 
time of friction units (energy and material saving by wear reduction and by the dis- 
mantling free restoration of worn units). 


1.7 Use of biomimetic techniques and materials 


Evolution has been man’s best teacher. If the earth’s history were to be compacted 
into 1 year, humanity’s time on the planet would be 5.5 min [60]. Hence, evolution 
had plenty of time to develop the best engineering designs without the need of any 
sophisticated tools. The latest specialty in eco-tribology is biomimicry, which involves 
realizing tribological systems based on the designs observed in nature. Nature has 
an array of unique tribological applications and materials which if can be realized 
will not only be ecosustainable solutions to many issues but altogether has the 
potential to change the face of tribology as we know today. Molecular-scale devices, 
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super-hydrophobicity, self-cleaning, drag reduction in fluid flow, energy conversion 
and conservation, high adhesion, reversible adhesion, aerodynamic lift, materials, 
and fibers with high mechanical strength, biological self-assembly, antireflection, 
structural coloration, thermal insulation, self-healing and sensory-aid mechanisms 
are some of the instances found in nature that are of commercial interest [23]. 

Biomimetic tribology is an essential part of ecosustainable tribology [4] and 
encompasses biomimetic surfaces, materials and other biomimetic and bio-inspired 
approaches. Also biomimetic materials inherently tend to be more environmentally 
friendly as they form a part of the natural ecosystem. Now, the challenge with biomi- 
metics is that the current engineering methods have a limitation in perfectly copying 
a technology from nature. For example, the development of artificial human heart has 
been initiated decades ago but still the latest evolved model cannot totally act as a 
replacement for the original heart. This is due to the complexity involved in the appli- 
cations found in nature. However, with the advancement in science this gap is grad- 
ually bridging up. Newer advanced materials are constantly developed, which can be 
used for biomimetic applications. A basic guideline in biomimetics is to attempt to 
replicate those applications in nature which are feasible with the technology avail- 
able to mankind. It is often a good idea to take biological systems as a starting point 
and a source of inspiration for engineering design. 

There is extreme demand to develop super-hydrophobic (or highly hydropho- 
bic) surfaces that repel water to such an extent that they never get wet. When the 
water contact angle (primary parameter which characterizes the wetting property of 
a surface) is between 150° and 180°, the surface is called super-hydrophobic. There 
are a lot of leaves in nature whose surface is super-hydrophobic, viz. lotus leaves 
and so on. The surface roughness of these leaves is primarily responsible to bring 
the contact angle of water close to 180°. Super-hydrophobic paints and coatings are 
already available commercially in the market. Moreover, these types of surfaces can 
also have de-icing properties. De-icing is the removal of frozen contaminant from a 
surface. This is frequently done for the wings of airplanes traveling under sub-zero 
conditions. When a super-hydrophobic surface is wetted by water, an air layer or air 
pockets are usually kept between the solid and the water droplets. After freezing, ice 
will not adhere to solid due to the presence of air pockets and will be easily washed 
or blown away. 

Apart from super-hydrophobicity, these leaves are also of self-cleaning nature, 
that is, any dirt accumulating on the surface will have minimum adherence and will 
be cleaned by wind or rain. The self-cleaning property of lotus leaves in particular has 
drawn attention and the phenomenon is termed as “Lotus effect.” The textured topog- 
raphy of the surface together with the chemical constituents of the cuticle covering 
their leaves is responsible for the self-cleaning property of the plant leaves [61, 62]. 
Jung and Bhushan [63] have fabricated these surfaces with comparable performance. 

Geckos have the ability to climb effectively on different surfaces under various 
environmental conditions due to strong adhesion between the surfaces and their toes. 
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They can also detach swiftly from a surface when needed. This effect (known as Gecko 
effect) is possible due to specially structured hierarchical surface present on the gecko 
feet which can exhibit controlled adhesion. In applications such as adhesive tapes, 
temporary hanging hooks and so on, where strong adhesion is required, gecko effect 
can be employed. Extensive experiments have also been conducted using gecko toe, 
setal array, single seta and single spatula to explore the physical principles of gecko 
adhesion and friction [64]. The study attempts to investigate the effect of environment 
(substrate materials and relative humidity) and experimental conditions (preload, 
sliding velocity and sliding direction) on gecko adhesion and friction through an iso- 
lated gecko setal array. The results showed that when a setal array is slid in the grip- 
ping direction, surface energy and relative humidity are the important factors affect- 
ing adhesion and friction of the array while sliding velocity is not very significant. 
Adhesion and friction can be enhanced by more than 200 % and 60 % by increasing 
surface energy and relative humidity, respectively. When relative humidity touches 
40 %, adhesion and friction become saturated. In case of sliding the array in releasing 
direction, the setal array deforms severely and always exhibits a preload-dominated 
repulsion. These results will be useful in understanding the remarkable abilities of 
gecko swiftly controlling strong attachment and easy detachment, which inspire the 
design and fabrication of gecko-inspired reversible dry adhesives. Similarly, hierar- 
chical organization of the water strider leg surface enables it to remain dry on water 
surface while it moves forward using the capillary forces [65]. This technique can be 
employed for an innovative water transportation system. 

Using biomimetics, several composite materials can be custom-made in such a 
way that they can produce required surface properties, such as self-cleaning, self- 
lubrication and self-healing. Fiber-reinforced composites found in nature have such 
properties. Metal-matrix composites, polymeric composites as well as ceramics 
(including concrete) have been part of such mimetic investigations. The difference 
between microstructured surfaces and composite materials is that the latter have 
hydro-phobic reinforcement in the bulk and thus can be much more wear resistant 
than microstructured surfaces, which are vulnerable even to moderate wear rates 
[23]. The concept of cell adhesion and biochemistry has recently been introduced in 
green biomimetic nanotribology. Hence, it can be seen that nature has so much offer 
in the field of tribology. If properly adopted, we can definitely turn the field of tribol- 
ogy very much ecosustainable. 


1.8 Implementation of optimization techniques 


Analysis and optimization are the two key stages in engineering design process. The 
analysis stage involves the application of mathematical models and scientific princi- 
ples to estimate the design results. Optimization stage is a systematic process using 
design constraints and criteria to allow the designer to locate the optimal solution. 
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Figure 1.7: General model of a process/system. 


The optimal solution is based on a specific objective like maximizing or minimizing 
a particular characteristic. Parameters that control the design are suitably varied in 
order to achieve this. Figure 1.7 shows the general model of process or system. 

Any genuine engineering problem is an optimization problem; that is to say, try 
to get the best balance of contradictory effects. Optimization makes possible extract- 
ing the best possible output from minimal resources. This makes optimization an 
important tool for ecosustainable developments. In case of tribology, optimization 
tools have been widely employed to enhance the wear resistance and corrosion resist- 
ance of materials as well as reduce the friction. In case of electroless nickel coatings, 
viz. Ni-P, Ni-B, Ni-W-P and so on, a series of works by Sahoo and team has been 
carried out to enhance the tribological properties of the coating [66-75]. These works 
are mainly based on design of experiments, where each of the parameters controlling 
coating characteristics is varied to obtain the improved tribological properties (fric- 
tion, wear, hardness, corrosion, roughness, etc.) of the coating. The varying parame- 
ters are selected either from deposition conditions or the tribological test conditions. 
It is found that many of the factors have significant influence over the tribological 
characteristics of electroless nickel coatings. The improvement in the characteristics 
at the optimal condition compared to the initial conditions is also quite encourag- 
ing. Moreover, keeping in mind the need for multifunctional coatings, some studies 
are conducted with multiple objectives [76, 77], viz. enhancing wear resistance and 
lowering friction. From environmental perspective, using the optimal conditions 
obtained from these studies one can readily develop the corresponding electroless 
nickel coating with best possible performance. Similar studies have also been con- 
ducted with other coatings [78, 79], alloys [80], composites [81] and a host of pro- 
cesses [82-85] responsible for the development of tribological-based materials and 
the processes influencing them. 

Abdullah et al. [86] investigated the parameters affecting the engine lubrication. 
Engine lubrication involves applying liquid lubricant in order to reduce wear of one 
or both surfaces in close proximity and moving relative to each other. The lubricant 
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is under pressure carrying the load and keeping the surfaces apart. The lubricating 
oil used is generated from HDEO (heavy duty engine oil) and ATF (automatic trans- 
mission fluid) which are mixed using a homogenizer. It is found that ATF has minor 
effect in reducing the viscosity of the mixture until 50 % of its content but signifi- 
cantly increases the viscosity of the mixture for more than 60 % of its content. Also, 
the mixture with 20 % and 40 % of ATF yields the best friction resistance compared 
with other mixtures. The mixture with 30 % of ATF is found superior in terms of wear 
resistance. 


1.9 Monitoring of tribological systems 


Monitoring of a system ensures that the same runs satisfactorily throughout its 
service life. Besides, monitoring is important to prevent accidents, which may lead 
to loss of human lives. Now, tribological systems are constantly subjected to wear 
and tear. Hence, an effective strategy for inspection and monitoring of tribological 
system is necessary to check the extent of wear or any undue heat generation or 
loss of energy due to friction. Wear must be gradual and consistent over time. Any 
erratic wear patter may need to be investigated, and wear beyond a predetermined 
limit may call for decommissioning of the system. Similarly, keeping friction losses 
within a limit enables efficient operation and optimum performance from the tri- 
bological system. Lubrication checks are a mandatory to avoid contacts between 
surfaces, which may result in detrimental effects to the system. Besides, corrosion 
of the system should be checked and painting and coatings should be done wher- 
ever applicable. 


1.9.1 Improving device service life 


A lot of resources, manpower and time can be saved if a particular device oper- 
ates efficiently over a longer duration of time (at least its predicted service life). 
That way the loss due to breakdown can be avoided as well as the replacement cost 
of the device can be diluted. Selection of suitable monitoring methods requires a 
thorough knowledge of the failure mode of components and an intuition about the 
signs of the failure, that is, understanding the indications of a failure being devel- 
oping. The commonly used monitoring methods include analysis of the vibration 
and quality of the lubricating oil. Analysis of vibration can enable the detection of 
misalignments, loose fittings and so on, whereas analysis of the oil detects changes 
in lubricating properties and unexpected presence of contaminants. Analysis of 
wear debris in the oil further reveals changes in type and severity of wear [87]. Apart 
from these, monitoring and inspection for tribological systems can also be directed 
toward the following: 
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1.9.1.1 Delamination of coating 

The surfaces that are coated can be visually inspected for any signs of delamination. 
In the presence of any corrosive atmosphere, delamination of the coating is to be dealt 
with seriously as corrosive media can enter inside the coating. 


1.9.1.2 Corrosion marks 

Corrosion is an inevitable phenomenon which results in huge loss to the society by 
damaging especially metal parts. Corrosion however can be slowed down to a great 
extent by the application of suitable paints and coatings. Any marks of corrosion have 
to be taken into account seriously, which may otherwise result in serious damage to 
the machine parts. 


1.9.1.3 Dimensional inspection 

After a long usage, dimensional inspection is to be carried out especially on parts 
subjected to heavy wear. Change of geometry of interacting parts may result in undue 
stress which may be detrimental to the critical parts of a machine. If too much wear 
has occurred, the parts should be replaced for satisfactory operation of the machine. 
In case of bearings, dimensional inspection is very relevant. 


1.9.1.4 Monitoring of wear debris 

The wear debris resulting from interaction between two parts in a machine is to be 
monitored regularly and any unusualness noticed should be reported. Analysis can 
then be carried out on the suspected particles for further investigation. 

Employing more than one monitoring methods usually gives more relia- 
ble results, and hence vibration and oil analysis are often used in combination 
for monitoring same machines and components [88]. By combining one or more 
methods in an optimal way, it is possible to react to any undesired phenomenon 
and take corrective action in a timely manner resulting in the prolonging of the 
device service life. 


1.9.2 Targeting toward low maintenance systems 


Maintenance helps to prolong the life of a particular device. However, maintenance 
also requires additional manpower and resources to carry out the job. One of the 
works involved in this is the movement of logistics which again is correlated to CO, 
emission and environmental pollution. Hence, developing a self-sufficient system 
which requires lesser maintenance is an ecosustainable solution. Self-sufficiency can 
be in terms of lubrication, surface finishing with enhanced tribological properties, 
multifunctional coatings and so on. 
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The lube oil must be changed after a machine has run for certain hours as the 
oil is contaminated with wear particles and is unsuitable for use. Hence, a high- 
wear-resistant surface would yield lesser wear particles and the lube oil can be run 
for a longer duration of time. An automated relubrication mechanism can also be 
devised which would eliminate any human intervention in the process. Current gen- 
eration ecosustainable philosophy, however, is to make the interacting surfaces self- 
lubricating in nature thereby totally avoiding the usage of lubrication oil. Hence, the 
entire process of changing lube oil at certain interval of time in a machine can be 
eradicated. 

If the tribological properties, viz. hardness, wear resistance, corrosion resist- 
ance and so on of a surface are enhanced, then definitely the longevity of the part is 
increased. Suitable surface treatments and coatings can be employed to generate these 
properties. Different particles can be co-deposited using a suitable coating technique so 
that the final deposition possesses the useful properties of individual particles. Nowa- 
days, multilayer and graded coatings are also being developed. Duplex coatings of elec- 
troless Ni-P and Ni-B can protect the surface against both corrosion and wear [89]. It is 
found that duplex coating offered better corrosion as well as wear resistance compared 
to individual coatings of similar thickness. Moreover, it is proposed that in applications 
where corrosion is the dominant factor, duplex coating with Ni-P as the outer layer 
should be selected. Whereas in case of applications where wear resistance is desired, 
coating with Ni-B as outer layer will be the ideal choice. 


1.10 Stress on computer simulation in design wherever possible 


Previously, designing a system involved building an iteration of prototypes of the 
actual system and subjecting them to tests. The data from the tests was used to build 
the next iteration of improved prototype. This way the engineers converged upon the 
final design of the system. With the advancement of computation power, various pow- 
erful numerical techniques, viz. finite element method (FEM) and so on have evolved, 
which are capable of closely estimating the practical phenomena. Using the infor- 
mation from these techniques together with an understanding of the physical behav- 
ior of the system and material properties enables engineers to come up with robust 
design with the minimum amount of material. This can mean a lower environmental 
impact from resource extraction, manufacturing, transportation, use and end of life 
depending on the product. 

In case of tribology, wear can be simulated using finite element (FE) packages 
[90, 91]. A spherical pin-on-disk dry steel contact was analyzed both experimen- 
tally and with FEM [90]. Considerable deviation between the two results is observed 
which is due to the model simplifications and the real deviation of input data. 
The simulation by Põdra and team [90] actually assumed that the relative sliding 
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between the surfaces is of rigid body, type which is not truly correct. Hence, they 
concluded that wear simulation results should be evaluated on a relative scale to 
compare different design options, rather than to be used to predict the absolute 
wear life. The wear mechanism must be considered and its changes must be fore- 
seen during the simulation process. Oqvist [91] employed a model in sliding wear 
that incorporates both rigid body motion and elastic deformation of the bodies. 
Good agreement is observed between the FEM and experimental results and it is 
concluded that the wear simulation method used in the work can be used to sim- 
ulate mild wear on a global scale. The Lim and Ashby [92] wear map is found to be 
suitable for steels using the approach that the wear coefficient is dependent on load 
and sliding velocity. Similarly, different wear models can be used to simulate dif- 
ferent intricacies in wear phenomenon. A wear model that accounted for oxidation 
was suggested by Wu and Cheng [93] and adsorption models have been suggested 
by Kingsbury [94]. 

Friction modeling has been done by Arrazola and Ozel [95] for FEM simulation of 
machining. They have investigated the effects of friction modeling at the tool—chip- 
workpiece interfaces on chip formation process in predicting forces, temperatures 
and other field variables such as normal stress and shear stress on the tool by using 
advanced FE simulation techniques. Corrosion has also been a subject of numerical 
modeling. Analysis of galvanic corrosion has been carried out using finite difference 
method [96]. Xu et al. [97] have successfully developed the FE model of steel rein- 
forcement corrosion in concrete. The influences of the area ratio and the Tafel con- 
stants of the anode and cathode on the potential and corrosion current density have 
been examined with the model. It has been found that the FE calculation is more 
suitable for assessing the corrosion condition of steel reinforcement than ordinary 
electrochemical techniques due to the fact that FEM can obtain the distributions 
of potential and corrosion current density on the steel surface. FEM has also been 
employed to simulate and estimate the mechano-electrochemical effect of pipeline 
corrosion [98]. The output of the modeling, that is, corrosion potential and corrosion 
current density are quite consistent with that obtained on steel pipeline in a solution 
having a pH close to 70. It is further demonstrated that although tensile strain induces 
stress uniformly through pipe wall, an increasing depth of corrosion defect results 
in a concentrated stress at the defect center only. Again when the corrosion defect is 
under an elastic deformation, there is not much effect of mechanical—electrochemical 
interaction on corrosion. However, when the applied tensile strain or the geometry 
of corrosion defect is sufficient to cause a plastic deformation at the defect, the local 
corrosion activity is increased remarkably. 

All these are just a small indication of the power of computer-based simulation 
in estimating the tribological behavior without requiring any material or hardware. 
Hence, if more and more simulation is introduced in the design process, it will be a 
definite contribution toward making this planet greener. 
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1.11 Stop reinventing the wheel/research duplication 


Doing research on a particular technology which has already been proven is a waste 
of time and resources. As proper utilization of resources is a part of sustainable 
development, this type of duplicative research should not be encouraged. Now, ina 
research laboratory there is a major difference between replicating and duplicating 
an experiment. Replicating means repeating an experiment under the same con- 
trolled conditions. This way the variability associated with the phenomenon being 
studied can be captured. Scientists may need to repeat an experiment to validate 
and confirm the findings of the initial conclusions. On the other hand, duplication 
refers to conducting the same experiment again as the researchers were not aware 
that it had already been conducted. Hence, even though replication and duplication 
are related to repeating the experiment their purposes are different. Replication is 
an important part of scientific research. However, duplication is an unnecessary 
waste of both scientific and capital resources that could be utilized for some other 
fruitful work. 


1.11.1 Need for coordinated research and knowledge transfer 


A lot of efficient tribological systems are being developed around the world by 
various researchers. If an efficient knowledge transfer mechanism does not exist, 
many researchers would end up duplicating the works of others. For example, a 
particular coating which has been tested for its tribological performance within a 
certain load and speed range by a researcher should be avoided for testing under the 
same load and speed range by another researcher. Instead the latter could try a dif- 
ferent load and speed regime or altogether a different testing condition. If the same 
experiment is repeated in totality, apart from the cost of materials, the opportunity 
to conduct a new test is lost. This is in contrast to an ecosustainable development of 
tribology. 

The solution to this problem is only though transfer of knowledge. Previously, 
scientists were excited to speak about their discoveries and share their findings 
with others. However, at present there is a practice of information suppression. 
People are hesitant to speak about their ideas to others. Researchers should rise 
above this mentality and speak freely at various conferences and symposiums. 
Moreover, important tribological findings should be published in peer-reviewed 
journals so that anyone can have an access to it. Open communications can be 
held between laboratories so that researchers have a know-how about the experi- 
ments running around them. Through this philosophy of coordinated research, the 
problem of duplication can be tackled and we can move a step toward a greener 
environment. 
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1.12 Industry—academia partnerships 


The issues of ecosustainability are so big and challenging that no single organization 
possesses the knowledge or resources to go at it alone. Collaboration between indus- 
try and academia as well as different research organizations can yield unprecedented 
solutions previously unimagined. However, for industry—academia partnerships 
each side needs to be engaged far beyond the conventional exchange of research for 
funding. When they work well, strategic partnerships merge the discovery-driven 
culture of the university with the innovation-driven environment to the company. But 
to make the chemistry work, each side must overcome the cultural and communi- 
cations divide that tends to impair industry—academia partnerships of all types and 
undercut their potential. A basic model of the partnership is illustrated in Figure 1.8. 


1.12.1 Awareness about new generation (efficient) technologies 


Research in the field of tribological based involves multidisciplinary knowledge 
touching mechanical engineering, materials science, chemistry and so on. Universi- 
ties and research institutes are mainly the hubs for pioneering research in this domain. 
The latest techniques are often more efficient and also environmental friendly com- 
pared to the yesteryear ones. The newer developed materials offer splendid resistance 
against wear and corrosion. Lubricating oils have also evolved requiring lesser main- 
tenance and providing longer life to machine parts. As already discussed several biof- 
riendly lubricants have also been developed by many researchers. Although so many 
new technologies are coming up every day, a majority of the industries are unaware 
of these either due to the lack of enthusiasm among their technicians, absence of 
a research and development cell or inability to be in partnership with universities 
and research laboratories. Moreover, resistance exists among a section of employees 
against switching over to newer technologies from the traditional ones which they 
have following over the years. For these reasons, many industries still continue to 
follow the old tribological procedures, and many of which are inefficient and should 
be abandoned from environmental aspect. Hence, there is a need to create aware- 
ness among industries about the latest generation techniques and encourage them 
to follow them. 


1.12.2 Troubleshooting of existing problems 


Industries often do not have a proper technical team to address their problems in 
operation. Although some of these issues may be small and can be overcome by 
routine troubleshooting, rest may require attention by a specialist. Moreover, frequent 
breakdowns and abnormalities are also required to be investigated properly and in a 
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systematic manner. For addressing such issues, an industry can benefit from alliance 
with universities and research laboratories. Experts here can come up with the most 
appropriate solutions to a problem. Moreover, these persons can also suggest suitable 
modifications in the production line so that the plant operates more efficiently. 

The academic alliance program can work at several levels, viz. university-based 
research parks and incubators, short- and long-term research agreements, and faculty 
and industry personnel exchange programs. When companies and universities work 
in tandem to push the frontiers of knowledge, they become a powerful engine for 
innovation and economic growth. This is very relevant from the current perspective 
when “saving the environment” campaign is catching up. 


1.13 Closure 


Ecosustainable tribology should be integrated into world science and make its impact 
on the solutions for worldwide problems, such as the change of climate and the short- 
age of food and drinking water. Tribology can be made a green process by having 
minimal loss of energy, longer life of devices, lesser emission of GHGs and lower use 
of toxic materials. Lot of scope exists for achieving this which can be through the 
use of natural materials for tribological purposes where possible, development of 
multifunctional coatings, reducing the loss of frictional energy by making surfaces 
smoother and increasing the life of device by having lower wear and corrosion. Lubri- 
cation is one key field where lot of scope exists to make the process ecosustainable. 
Finally, strategic global policies are undertaken so that people are bound to go for 
ecosustainable solution in tribology. 
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Figure 1.8: A general model of industry-academia partnership [99]. 
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Enzhu Hu, Dongrui Yu, Kunhog Hu and Xianguo Hu 
2 Preparation and Tribology Performance 
of Bio-based Ceramic Particles from Rice Waste 


Abstract: Rice husk and rice bran are the main byproducts of grain production and 
are considered solid biomass resources. The comprehensive utilization of biomass 
resources has received increasing attention as a solution to current serious environment 
pollution, resource and energy crises. Bio-based ceramic particles and their composites 
are important to the comprehensive utilization of rice waste. This study clarified the 
preparation process of bio-based ceramic particles and summarized their physical and 
chemical properties. The morphology, composition and structure of bio-based ceramic 
particles varied at different carbonization temperatures. Adhesives (phenolic resin) 
can strengthen the hardness of bio-based ceramic particles at optimum temperatures 
(900-1,000 °C). Bio-based ceramic particles and their composites can be used as func- 
tional additives in polymer- or metal-based composites. Bio-based ceramic particles 
can enhance the mechanical properties, such as hardness and compression strength of 
composites and reduce stress concentration. The tribological performance of bio-based 
ceramic particles and composites was studied under different test conditions. The fric- 
tion reduction and wear resistance of composites were ascribed to the enhancement of 
composite hardness and the formation of a transfer film on the counter rubbing pair. 
The detailed wear map was also described under different test conditions. These results 
are helpful to understand how the development of bio-based ceramic particles and 
composites is a simple and effective method of comprehensive utilization of rice waste. 


2.1 Introduction 


The comprehensive utilization of biomass resources has received increasing attention 
as a solution to the ongoing environment, resource and energy crises [1, 2]. China 
is the world’s largest rice-growing country. Partial statistics indicate that the annual 
production of rice is approximately 180 million tons, which yields 36 million tons 
of rice husks (RHs). Storing a large amount of RH requires considerable space [3, 4]. 
Burning RH in a farm will result in serious pollution. Therefore, the comprehensive 
utilization of RH is imminent. Research on RH and straw has been discussed with 
focus on their tribological properties. 

The use of RH or rice straw to synthesize adsorbent materials [5-7], biofuels [8], 
solid fuels and particularly ceramic particles is a promising RH comprehensive utili- 
zation technology that has emerged in the recent years [3]. Cellulose, hemicellulose, 
lignin and ash, whose main elements are carbon, oxygen, silicon and hydrogen, are the 
major components of RH and straw. The development of a solid absorbent material to 
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remove heavy metals from water is an effective way of utilizing RH and straw. Replacing 
fossil energy fuels, gasoline or diesel to reduce fossil energy shortage due to the energy 
crisis is possible to a certain extent when RH undergoes pyrolysis gasification at high 
temperature. The only drawback is that biomass oil has poor physical and chemical 
properties, and it cannot be applied directly to engines without modification. In addi- 
tion, curing the RH and straw into fuel that is similar to coal particles will reduce pol- 
lutant emissions to some extent and ease the excessive waste of coal resources [9-11]. 
Developing high-property RH ceramics (RHC) by carbonizing a mixture of defatted RH 
and phenolic resin in an inert gas atmosphere achieves comprehensive utilization of 
elements such as carbon, oxygen and silicon. RHC are novel porous tribomaterials with 
low density, high hardness, high strength and low Young’s modulus. These ceramics 
are rubber material used as potential modifiers with mechanical and tribological prop- 
erties. The utilization of RH and straw is a hot topic among scientists. 


2.2 Preparation and characterization 


RH and rice bran (RB) are rich in cellulose and lignin. The carbonization process is a 
key method of producing functional materials [1]. A hard, porous material called RHC 
particle is manufactured by carbonizing a mixture of RH and phenolic resin at 900, 
1,400 and 1,500 °C [12]. Figure 2.1 shows a schematic diagram of the manufacturing 


process of RHC. 
Milling a 
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Figure 2.1: Schematic diagram showing the preparation process of RH ceramics [12]. 
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Figure 2.2 shows that the Vickers hardness of the RHC material increased grad- 
ually along with increasing carbonization temperature. However, its bulk density 
and compressive strength decreased. The best carbonization temperature is 1,500 °C 
because it produces materials that have higher porosity than materials carbonized at 
lower temperatures. 

Matsuo et al. [13] also produced RHC particles by carbonizing pure RH at different 
temperatures (300, 500, 800, 1,000 and 1,200 °C). The preparation process of com- 
posites is shown in Figure 2.3. The bulk density and shore hardness of carbonization 
product increased gradually with the increase of carbonization temperature and then 
decreased as shown in Figure 2.4. The optimal bulk and shore hardness of products 
were achieved at the carbonization temperature of 1,000 °C. Rice bran ceramic (RBC) 
particles can be embedded in rubber or metal materials. 

Li et al. [14] produced different composites, namely nitrile rubber (NBR) and RBC, 
which includes the four types of RBC with different particle sizes. The morphology, 
vulcanization characteristics, and mechanical, thermal and friction properties of 
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Figure 2.2: Bulk density (a), Vickers hardness (b) and compressive strength (c) at different 
temperatures [12]. 
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Figure 2.3: Compressing and heating program for fabricating the composites [13]. 
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Figure 2.4: Bulk density and shore hardness of the composites heated at different heating 
temperatures [13]. 
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NBR compounds were all characterized. The introduction of RBC resulted in higher 
torque values, longer curing time and better mechanical properties, but a shorter 
scorch time, as shown in Figure 2.5. The overall results demonstrated that RBC could 
act as ideal filler for NBR composites and provide economic and environmental 
advantages. A composite was prepared by blending a type of preceramic methyl sil- 
icone resin (MSR) and RB at 110 °C at various ratios in a Brabender-type static mixer 
[15]. Composites were made from these materials through compression molding and 
cross-linking at 260 °C under 20 MPa pressure. The water absorption and hygroscopic 
expansion of the MSR/RB composites increased, as shown in Figure 2.6 and Table 2.1, 
but the compressive strength was decreased with an increase in the weight percent- 
age of RBC, as shown in Figure 2.7. 

Hu et al. [16] conducted a preliminary study on RHC. A mixture of RH powder 
(mesh size: 10) or carbonized powder (75 mass %) with phenolic resin (25 mass %) 
was transferred to a porcelain burning boat in a tube furnace at 900 °C under N, 
atmosphere conditions for 2 h. The mixture was then cooled at room temperature. 
The remaining powder comprised the RHC particles. The preparation process of RHC 
is shown in Figure 2.8. 


(a) 7.5} (b) 3.0 | 100 phr 
6.0} % 2.5} 
n Paney Effect 80 phr 
g 3 ool 
= 45} £ 2.0} Downturn points 
Ey 100 phy aa AA 
2 | x 2 15 Si 
HR 3.0} = 
a 
J 20RBC/NBR D 40 phr 
—4orec/nBr | © 1.0 20 phr 
15 —— 60RBC/NBR 
nme j= 80RBC/NBR 0.54 O phr 
0.0 å P uF á n = 200RBC/NBR mt L A 4. 4. 
0 150 300 450 600 750 0.0 0.2 0.4 0.6 0.8 1.0 
Strain/% Extension ratio A? 
c) 100 d 
© @ -1.2F 461.5°C 
80} 
cn h 
P 60 100 phr 
£ i RBC 5 
h 4O}|*-NBR 
o 20RBC/NBR 
= f 4ORBC/NBR 
20 || + 60RBC/NBR 
» 80RBC/NBR 
100RBC/NBR O phr 
a a es a - ‘ . . “ ` 
100 200 300 400 500 600 700 100 200 300 400 500 600 700 
Temperature/°C Temperature /°C 


Figure 2.5: Characterization of RBC particles with different particle sizes [14]: (a) stress-strain 
curves; (b) Mooney-Rivlin plots; (c) TGA curves; and (d) DTG curves. 
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Figure 2.6: Water absorption and hygroscopic expansion properties of MSR/RB composites with 
various weight percentage of RB [15]. 


Table 2.1: Physical properties of MSR/RB composites with various weight percentage of RB [15]. 


Sampleid. RB (%) MSR (%) Density Water absorption Hygroscopic expansion 


(g/cm?) after 5 days (%) after 5 days (%) 
1 50 50 1.40 3.17 0.21 
2 60 40 1.27 4.41 0.33 
3 70 30 1.17 4.98 0.44 
4 80 20 1.14 5.48 1.00 


The microstructural morphologies and composition of RHC were characterized. The 
particle diameter of RH powder is obtained through direct carbonization and has a 
considerable number of micro-pores which is much larger than that of carbon mate- 
rial filled with phenolic resin, as proven in the analysis of the average particle diam- 
eter (Table 2.2). 

Sheet-like ceramic-based materials with high hardness can be obtained through 
a mixture of carbonized RH powder and phenolic resin mixture. The sheet structure 
is shown in Figure 2.9(c). Carbon nanotube analogs and spherical silica nanoparticles 
were discovered in directly carbonized RH through the analysis of the microstructure 
and morphology of the two carbonizing materials. However, the carbon material with 
added phenolic resin exhibits a sheet structure and irregularity. Its partial electron 
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Figure 2.7: Effect of increase in RB weight percentage on the compressive strength of RB/MSR 
composites [15]. 
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Figure 2.8: Preparation processes of RHC particles. 


Table 2.2: Average particle diameter of three kinds of carbon materials. 


Items RH CRH RHC 
Average particle diameter (um) 408.2 193.8 76.2 


beam diffraction pattern shows that the degree of graphitization of directly carbon- 
ized RH particles is much higher than that of added phenolic resin in Figure 2.10. 

To verify this conclusion, Raman spectroscopy was conducted to analyze the two 
materials. The I,/I, value (3.43) of the RH particles was lower than that of the RHC 
particles (3.64) as shown in Figures 2.11 and 2.12. 

Energy-dispersive spectrum found that the main elements of RH particles were 
C, Si, O and K. In the CRH particles, C, Si, O, Ca, Fe and K were all detected. The 
CRH particles, Fe contained only C and Si, and the content of O was too low to be 
detected, as shown in Figure 2.13. In addition, the surface chemical state of the two 
carbon materials was analyzed. The surface hydroxylation of the RHC particles was 
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Figure 2.9: SEM images of RH (a), CRH (b) and RHC (c) particles with different magnifications. 


enhanced significantly, as shown in Figure 2.14. This enhancement may be due to the 
introduction of the phenol resin that filled the micropores, thereby possibly causing 
chemical reactions between the RH powder and phenol resin. RHC exhibit lower gra- 
phitization than carbonized pure RH possibly because pyrolyzation of phenol resin 
occurs easily and forms the amorphous carbon structure. RBC particles can be added 
to metal materials, such as those used in the preparation of pantograph contact strip 
materials for trains [17]. 

A new silicon carbide (SiC)/RBC composite was obtained by calcinating RHC 
with different particle sizes of SiC doped with Al,C, and B,C at 1,600 °C for 5 min by 
using pulse electric current sintering. Table 2.3 illustrates the mechanical properties 
of this material. The surface morphology of materials is shown in Figure 2.15. 

Unuma et al. [18] prepared glass-like carbon/silica composites from rice hull 
and phenolic resin. Monolithic composites were prepared by carbonizing green 
bodies made from phenolic resin and rice hull in nitrogen atmosphere at tem- 
peratures that range from 1,173 to 1,773 K. The resultant composites consisted 
of approximately 70 mass % of glass-like carbon and 30 mass % of silica, with 
the latter originating from rice hull. The highest compressive strength, bending 
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Figure 2.10: HRTEM images and electron beam diffraction diagrams of CHR and RHC particles [16] (a) 
and (b): CRH particle (c) and (d) RHC particle. 
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Figure 2.11: Crystallite size of graphite fragments (L (002)), 
degree of graphitization disorder and L, of samples. 
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Figure 2.12: Raman analysis of three kinds of materials [16]. 


strength and fracture toughness were 227 MPa, 50 MPa and 0.80 MPa m’”, 
respectively. The inorganic constituents in RH and RHC were analyzed, as shown 
in Figure 2.16 and Table 2.4. The main inorganic chemical was dioxide silica as 
shown in Figure 2.17. This finding is similar to the conclusion obtained by Hu [16]. 


2.3 Characterization of tribology 


Bio-based ceramic particles have high hardness and elastic modulus properties. 
Therefore, they can be used in the preparation of wear-resistant materials, such as 
sliding bearing, and functional additives in lubricating oils. Shibata et al. [19] investi- 
gated the use of hard particulate fillers (RBC and glass beads) to improve the mechan- 
ical and tribological properties of thermoplastic resins (polyamide PA66). The mor- 
phology of particles is shown in Figure 2.18. Composites such as PA66/RBC and PA66/ 
GB showed lower friction and wear compared with the pure PA66. 

The tribological mechanism of RBC particles and glass bead composites was 
analyzed. The RBC particles and glass beads prevented the formation and growth 
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Figure 2.13: EDS analysis of RH and CRH and RHC particles. 
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Figure 2.14: FT-IR analysis of RH and RHC and CRH particles [16]. 
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Table 2.3: Properties of monolithic SiC, monolithic RBC, three SiC/RHC composite and SiC/ graphite [17]. 


Specimen Bulk Relative Total Open Bending Vickers Fracture 
Code density density porosity porosity strength hardness toughness 
(g/cm?) (%) (%) (%) (MPa) (GPa) (MPa m3 
SiC 3.160 99.8 0.2 0.0 520+20 21.8 4.3 
RBC 1.240 62.0 38.0 12.6 4342 0.9 0.8 
SiC-RBC50 2.110 81.8 18.2 7.4 117+3 2.8 1.8 
SiC-RBC30 2.207 85.5 14.5 6.3 1526 3.0 2.1 
SiC-RBC10 2.252 87.3 12.7 4.2 164+7 3.1 2.1 
SiC-G 2.286 84.5 15.5 14.3 85+2 1.0 1.4 


All other specimens listed in this table were prepared by using the pulse electric current sintering (PECS) method in this work. 


SiC-RBC50 


y 


SiC-RBC30 


> 


Figure 2.15: SEM micrographs of the fracture surfaces [17]: (a) monolithic SiC; (b) monolithic RBC; (c) 
composite SiC-RBC50; (d) composite SiC-RBC30; (e) composite SiC-RBC10; and (f) composite SiC-G. 
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Figure 2.16: Inorganic contents of p-RHC and i-RHC carbonized at various 
temperatures. P-RHC, injection-molded RHC; i-RHC, pressed RHC [18]. 


Table 2.4: Chemical compositions of the inorganic 
constituents in raw rice hull and RHC powder [18]. 


Component Rice hull (wt %) RHC powder (wt %) 
SiO, 96.5 96.2 
K,O 3.7 3 
Na,O 0.3 0.3 
CaO 0.9 0.5 
MgO 0.2 0.2 
Fe,0, 0.1 0.5 
ALO, 0 0 
Total* 101.1 100.7 


*The total exceeds 100 % within the range of experimental error. 


of roll-shaped particles on the wear track at low sliding velocities, thereby resulting 
in low friction and wear (Figure 2.19). The tribological performance of RHC was also 
examined by sliding these materials against stainless steel, alumina, silicon carbide 
and silicon nitride (Si,N P) under dry conditions [20]. The transfer films from RHC on 
the Si,N, balls resulted in a low friction coefficient. The tribological behavior of car- 
bonized pure RH particles was studied. Results indicate that the extremely low fric- 
tion coefficient of RHC disks was due to the high hardness of the polymorphic crystal- 
linity of silica in RHC. Transfer film formation on the surface of Si,N, balls and power 
formation of wear zones are also important factors in the low wear rates. A new panto- 
graph contact strip material (copper/carbon/RBC) was also developed and used as the 
current collector of electric trains [21]. Scanning electronic microscopy (SEM) obser- 
vation of wear particles and worn surfaces at low and high wear conditions shows 
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Figure 2.17: XRD analysis of p-RHC samples carbonized at various temperatures (a) [18] and three 
kinds (RH, CRH and RHC) of carbon materials (b). 


the following wear modes (Figure 2.20): plowing with no typical wear, small cracks 
and small plastic flow with fine wear and large brittle fracture and severe plastic flow 
with flake-like wear. The tribological behavior of copper/carbon/RBS composites was 
observed under water lubrication condition [22]. The Cu/C/RBC composite showed 
superior friction and wear properties compared with the Cu/C composite. Moreover, 
the tribological behaviors of copper/carbon/RBC composite under electrical current 
with and without arc discharge were observed [23]. The Cu/C/RBC composite showed 
98 % reduction in the specific wear rate of the block specimen under electrical current 
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Figure 2.18: SEM images of fillers: (a) RBC particles and (b) glass beads [19]. 
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Figure 2.19: Typical variation in friction coefficients versus the number of repeated 
passages at speed 0.01 m/s and load 1.96 N [19]. 


without arc discharge. The wear resistance to arc discharge is equivalent to the con- 
ventional Cu/composite under electrical current with arc discharge. 

Hu et al. [16] conducted a preliminary investigation into the tribological prop- 
erties of RHC and found the formation of transfer film for RHC that slides against 
stainless steel counterpart. Figure 2.21 illustrates that the wear scar of RHAs showed 
variations as the speed and the load increased. 

As the friction coefficient increased and then decreased, a sharp drop occurred at the 
velocity of 0.261 m/s and a load of 5 N, as shown in Figure 2.22(a) and (b). Figure 2.22(c) 
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Figure 2.20: Wear mode map of Cu/C/RBC and Cu/C composites using parameter Sand friction 
coefficient [21] (S, is dimensionless parameter, P ax is the Hertzian maximum contact pressure [Pa], 
R wax iS the maximum surface roughness [m] and K, is the fracture toughness [Pa m1). 
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Figure 2.21: Optical images of RHAs after friction at different load and velocity conditions for 
30 min [16]. 
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Figure 2.22: Variations of friction coefficient and mass loss rate of rice husk ceramic adobes at 
different loads and velocities for 30 min (a) and (c): velocity effect; (b) and (d): load effect. 


and (d) also shows that the wear degree of the sample decreased correspondingly. The 
wear mechanism can be initially speculated through contact area and surface roughness 
of the wear traces. Initially, the RHA surface is plowed by stainless steel associated with 
wear debris generation. Then, an increasing amount of debris is produced, leading to 
abrasive wear which will result in further wear. The increment of the load and speed 
is bound to shorten the time to crack the surface of the material. However, to a certain 
extent, the debris is compacted into tablets and then relieved. Therefore, the friction 
coefficient and wear volume may be reduced under high load and speed conditions. The 
surface morphology, roughness measurement and calculation of the contact area can 
prove the validity of the conclusions as shown in Figures 2.23, 2.24 and 2.25. 

Li et al. [14] investigated the friction properties of NBR compounds, including 
the four types of RBC with different particle sizes. The friction mechanism was also 
illustrated for the neat NBR and RBC/NBR composites that slide on the glass plate as 
shown in Figure 2.26. The overall results demonstrated that RBC could act as ideal 
filler for NBR composites and provide both economic and environmental advantages. 

Matsuo et al. [13] directly investigated the sliding properties of the composite 
fabricated from pure RH at different temperatures. The tribological performance of 
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Figure 2.23: Optical images and surface roughnesses of worn surfaces at different velocities and 
load of 2 N for 30 min: (a) and (a’) initial surface; (b) and (b’) 0.052 m/s; (c) and (c’) 0.105 m/s; 
(d) and (d’) 0.157 m/s; (e) and (e°) 0.209 m/s; (f) and (f’) 0.261 m/s [16]. 
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Figure 2.24: Optical spectroscopy images and surface roughnesses of worn surfaces at different 
loads and velocities at 0.157 m/s for 30 min: (a) and (a’) initial surface; (b) and (b’) 1N; (c) and (c’) 
2 N; (d) and (d’) 3 N; (e) and (e’) 4 N; (f) and (f’) 5 N[16]. 
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Figure 2.25: Variation of apparent contact area of the worn traces at different velocities and loads 
for 30 min. 


composites improved obviously at the carbonizing temperature of 1,000 °C and dis- 
played low kinetic friction coefficient and specific wear rate, as shown in Figure 2.27. 
The composites were subjected to thermal shrinkage of the matrix material derived 
from lignocellulosic parts in RH. The thermal shrinkage led to a densification of the 
composite, thereby improving the sliding properties. 

Dugarjav et al. [24] investigated the friction and wear behaviors of RHC prepared 
by carbonizing the mixture of RH and phenol resin at 900 °C in N, gas environment. 
The ceramics were tested by sliding against high-carbon chromium steel (JIS SUSJ2), 
austenitic steel (JIS SUS304) and ALO, under dry friction conditions using a ball-on- 
disk tribometer. Low friction coefficient and wear rates were obtained, and the trans- 
fer film formed readily on SUJ2 balls, whereas for SUS304, the presence of the film was 
subject to the sliding conditions, as shown in Figure 2.28. Moreover, the formation of 
the transferred film could not be detected on AlO, counterparts. 
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Figure 2.26: Static friction coefficient of RBC/NBR composites as a function 
of RBC loading. The upper inset schematically illustrates neat NBR and 
RBC/NBR composites sliding on the glass plate [14]. 
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Figure 2.27: Friction coefficient for different heating temperatures as a function of the sliding dis- 
tance. Sliding speed was 50 mm/s [13]. 
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Figure 2.28: Typical appearance of worn surfaces of counterparts displaying: (a) low friction and 
wear rate (friction condition: W= 9.8 N, v=0.02 m/s); and (b) relatively high friction and wear rate 


(friction condition: W= 0.98 N, v=1.0 m/s) [24]. 


Table 2.5: Mechanical properties of the neat thermoplastic resins and the thermoplastic resin/RB 


ceramic composites [26]. 


Items 


Weight fraction of RB 
ceramic particles a, wt % 
Volume fraction of RB 
ceramic particles B, vol % 
Density p, mg/m? 

Tensile strength 7, MPa 
Elastic modulus £, GPa 
Vickers hardness H, GPa 
Poisson’s ratio v 


PA66 


1.14 
78.5 
2.79 
0.09 

0.3 


70 


67 


1.31 
61.4 
6.14 
0.28 
0.32 


PA66/GF 


23 GF 


12 GF 


1.31 
137.3 
6.67 
0.12 

0.3 


PA11 


60 


55 


1.04 1.30 
57 50.3 
1.00 4.39 
0.07 0.22 
0.3 0.36 


PBT POM PP 
60 50 70 
0 0 0 
60 52 62 
1.31 1.46 1.41 1.36 0.90 1.32 
53 49.6 61 34.8 28 22.7 
2.60 7.50 2.45 6.12 0.96 6.50 
0.12 0.26 0.17 0.27 0.09 0.29 
0.3 0.32 0.3 0.33 0.3 0.27 
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Figure 2.29: Friction coefficient and specific wear rate for each neat thermoplastic resin and the 
thermoplastic resin/RB ceramic composites [26]: (a) friction coefficient and (b) specific wear rate. 


Chand et al. [25] used maleic anhydride as a compatibilizing agent to improve the 
surface performance of RH particles, which could be utilized as filler in polyvinylchlo- 
ride. The tribological and mechanical properties of the PVC-based composite with 
10 wt % modified RH particles were obviously improved. Akiyama et al. [26] devel- 
oped five types of thermoplastic resin (PA66, PA11, PBT, POM and PP)/RB ceramic 
composite materials. The mechanical properties of materials were shown in Table 2.5. 
The tribological properties of five types of composites, including the high content of 
RHC particles, were investigated under dry and oil-lubricated conditions, as shown 
in Figure 2.29. The wear rates and friction coefficient of the five types of materials 
were reduced remarkably. This finding indicates that RB ceramic particles can serve 
as filler for polymer composites, providing low friction and high wear resistance. 


2.4 Wear and friction mechanism 


RHC are tribological materials whose frictional form depends on physical and chem- 
ical properties, such as hardness, size and composition of particles. These properties 
are closely linked to carbonization conditions in the manufacturing process. Physical 
and chemical properties of the carbonized material, as well as mechanical properties 
and friction performance vary considerably at different temperatures and with the 
introduction of external additives. However, the application of RHC as a functional 
additive of composite material (rubber material and powder metallurgical material) 
significantly changes the mechanical properties, such as hardness, compressive 
strength and water absorption of the composite materials. Generally, the greater hard- 
ness corresponds to the better wear resistance. When RH or straw ceramic particles 
are added to polymer material, the composite materials will show different mechan- 
ical properties with the change in content. Wear debris in the friction process acts as 


62 —— 2 Preparation and Tribology Performance of Bio-based Ceramic Particles 


anti-wear components that are transferred in counterparts, thereby forming a lubri- 
cating film, which reduces friction. Kei Shibata et al. discovered the formation prob- 
ability of the different transfer films when the composite slides with various coun- 
terparts [21]. Hu et.al [16] found that the type of RHC adobes depended on the load, 
rotation speed and time wear is mainly plowing role accompanied by generation of 
wear debris the micro-cracks and catastrophic wear accompanied by the generated 
large brittle fracture during friction process. The tribological mechanism of RHC is 
still unclear under high-temperature and arcing conditions. This will be the focus of 
future research. 


2.5 Conclusions 


The morphology, composition and structure of bio-based ceramic particles varied at 
different carbonization temperatures. Phenolic resin can strengthen the hardness of 
bio-based ceramic particles at the optimum temperature range of 900-1,000 °C. Bio- 
based ceramic particles (RBC and RHC) can be used as a functional additive used in 
polymer- or metal-based composites, for example, plastic-, rubber- or copper-based 
composites. The bio-based ceramic particles can enhance the mechanic properties 
of composites. The tribological performance of composites was obviously modified 
under dry friction or different lubrication conditions. Bio-based ceramic particles 
can obviously promote the wear resistance and friction reduction of composites. The 
development of bio-based ceramic particles is a simple and effective method of utiliz- 
ing rice waste comprehensively. 
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Jinjun Lu, Wanxiu Hai, Junhu Meng and Shufang Ren 
3 Tribological Behavior and Tribochemistry 
of Ti,SiC, in Water and Alcohols 


Abstract: Because of the merits of saving energy and environmentally friendly, 
lubrication system using low viscosity fluids (e. g., water and short-chain alcohols) 
is expected to meet the requirement of green tribology. In this connection, the tri- 
bological behavior of tribomaterials (alloy, ceramic and composite) in low-viscosity 
fluids has been investigated in recent years. Ti,SiC,, which has combined merits of 
metal and ceramic including machinability, tolerance to damage and many others, 
shows good tribological property in alcohols. This suggests that Ti,SiC, and its com- 
posites are a promising tribomaterial in alcohols. In the laboratory-based evaluation, 
however; the tribological behavior of Ti,SiC, in water is poor, thatis, high friction coef- 
ficient, high wear rate and rough worn surface. In a grinding and polishing process 
of Ti,SiC,, when water acts as a lubricant and a coolant, the surface quality of Ti,SiC, 
surface is unexpectedly good. In this chapter, the tribological behavior of Ti,SiC, in 
water and alcohols is reviewed. Because water and alcohols are reactive fluids, espe- 
cially in sliding as well as grinding and polishing, the tribochemistry of Ti,SiC, is also 
included in this chapter. 


3.1 Introduction 


In the book Aqueous Lubrication: Natural and Biomimetic Approaches [1], the authors 
wrote: “Man lubricates mostly with oil. Nature exclusively lubricates with water.” 
It is true that in practice man largely relies on lubrication systems in high-viscos- 
ity fluids rather than lubrication systems in low-viscosity fluids. Full film lubrica- 
tion can hardly be achieved using low-viscosity fluids while using high-viscosity 
fluids in practical operating conditions. This is one of the main reasons. Neverthe- 
less, from the viewpoint of energy saving and environmentally friendly, lubrica- 
tion systems in low-viscosity fluids (e. g., water, methanol and ethanol) are highly 
preferred [2]. Several technical issues should be solved before the application of 
lubrication systems in low-viscosity fluids. Selection of tribomaterial is one of the 
most important issues because many conventional materials fail to work properly 
in water and alcohols. Here is one well-known example. Under boundary lubrica- 
tion regime, besides poor tribological behavior, steels (e. g., SAE 52100) are subject 
to corrosion and tribocorrosion of water and alcohols. Therefore, it is necessary to 
explore tribomaterials capable of working smoothly in low-viscosity fluids. 

SLN, and SiC show low friction coefficient in water and ethanol [3, 4]. In addition, 
research on the tribochemistry of Si,N, and SiC in water and ethanol has come a long 
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way in the last two decades [5, 6]. Several composites, that is, Si,N,-TiN-Ni, Ti-SiC, 
and TiN-Ti, which are specially designed tribomaterials in low-viscosity fluids, show 
low friction coefficient in ethanol [2, 7, 8]. Tribochemistry of Ti species and Si species 
with fluid is the key for material design and understanding tribological behavior of 
aforementioned composites. 

Besides Si,N,, SiC and these composites, Ti,SiC, (a representative among MAX 
phases) can be used for lubrication systems in low-viscosity fluids. From the view- 
point of materials science, Ti,SiC, is a promising material applied in many fields 
because of its combined merits of metal and ceramics including machinability, elec- 
trical and thermal conductors, stiffness and relative softness, tolerance to damage, 
resistance to thermal shock, oxidation and corrosion [9, 10]. Ti,SiC, is also a promis- 
ing tribomaterial and its possible tribological applications have been proposed, for 
example, jet engines for aircraft [11]. Recent investigations reveal good tribological 
performance of Ti,SiC, and its composites in fluids (e. g., alcohols) [12-19]. Because 
of this, the tribological behavior of Ti,SiC, and its composites in low-viscosity fluids 
are briefly reviewed in this chapter. Although water and ethanol have comparable vis- 
cosity at room temperature, distinct friction and wear have been observed for Ti,SiC, 
in water and ethanol. This is an unsolved and challenging topic and is included in 
this chapter. Main results from two papers on tribochemistry of Ti,SiC, in ethanol are 
presented. Finally, abrasive-free polishing of Ti,SiC, in water, which is a green process 
to acquire smooth surface, is introduced in this chapter. 


3.2 Tribological behavior of Ti,SiC, in water and alcohols 


The tribological behavior of Ti,SiC, in water and alcohols in the laboratory-based 
evaluation is summarized in Table 3.1. In ethanol, Ti,SiC, has comparable tribologi- 
cal performance to the composites reported in references [2, 7, 8]. However, superlow 
friction coefficient of self-mated Si,N, in water is not observed for Ti,SiC, in water and 
alcohols. 

Two types of tribometers are employed for the laboratory-based evaluation. The 
optimal SRV tribometer, which is frequently employed to evaluate the friction and wear 
of oil-based lubricants, has some advantages in evaluating the friction coefficient, wear 
rate and extreme pressure of Ti,SiC, in water and alcohols. The advantages are low con- 
sumption of lubricant (several tens of pL) and Ti,SiC, sample (one sample for six to eight 
tests). The normal load is normally high while sliding speed is not high enough. As a 
result, boundary lubrication rather than mixed lubrication and hydrodynamic lubrica- 
tion can be obtained. The friction counterpart of Ti,SiC, can be either ceramic ball or 
steel ball. Due to the difficulty in making a Ti,SiC, ball of comparable surface roughness 
and precision to a Si,N, ball, evaluation of the tribological behavior of self-mated Ti,SiC, 
is conducted on another type of tribometer with a pin-on-disk configuration. 


Table 3.1: Friction and wear of Ti,SiC, in water and alcohols. 


Contact and test condition 


AL,O, ball on Ti,SiC, disk, 
oscillation, 20 N, 15 Hz, 
1 mm in stroke* 
Ti,SiC,-SiC pin on Ti,SiC,- 
SiC disk 


SAE 52100 ball on Ti,SiC, 
(Ti,SiC,-AL,O,) disk, 
rotation** 


ALO, (Si,N,) ball on Ti,SiC, 
disk, oscillation, 20 N, 

15 Hz, 1 mm in stroke* 
Si,N, ball on Ti,SiC, disk, 
oscillation, 20 N, 15 Hz, 

1 mm in stroke* 

Ti,SiC, pin on Ti,SiC, disk, 
0.1 m/s,5N,6mmin 
rotation radius** 


Ti,SiC, pin on Ti,SiC, disk, 
0.005-0.3 m/s, 5 N, 6 mm 
in rotation radius** 


Fluid/amount 


Water, 
seawater/50 pL 


Water, ethanol/ 
N/A 


Water, 
ethanol/20 mL 


Water, 
ethanol/5 mL 


Water, 
H,SO,/50 pL 


Water, 
ethanol/20 mL 


Short-chain 
alcohols, glycol, 
glycerol, 20 mL 
for each 


Friction 
coefficient 


0.50 in water 
0.45in 
seawater 


0.8 in water 
0.2 in 
ethanol 


0.4-0.5 in 
water 
0.10-0.15 in 
ethanol 


0.5 in water 
0.10-0.15 in 
ethanol 


0.5 in water 
0.10-0.4 in 
HSO, 
0.4-0.5 in 
water 

0.15 in 
ethanol 


0.1-0.15 


Wear rate, 
mm?/N/m 


105 


107° in water 
10-7 in 
ethanol 
1076-1075 in 
water 

10-6 in 
ethanol 

10-5 in water 
10-7 in 
ethanol 

10-5 in water 
1077-1075 in 
ethanol 

10% in water 
1075-1074 in 
ethanol 


1075-107 
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Reference 


[14] 


[12] 


[15] 


[16] 


[17] 


[18] 


[13] 


*Using SRV (Schwingen Reibung Verschleiss) tribometer and **using CSM (CSM Instrument SA) tribometer. 


The CSM tribometer with a pin-on-disk configuration has a wide range of sliding 
speed. The high sliding speed is limited because of loss of fluid due to centrifuge at 
high speed. The amount of water and alcohols is higher than that used on an SRV 
tribometer. A hemispherical tip on Ti,SiC, pin (or Ti,SiC,-based composite pin) can be 
machined in the laboratory without difficulty. 


3.2.1 Lubrication regime 


It is important to determine the lubrication regime of Ti,SiC, in sliding against differ- 
ent counterpart materials in water and ethanol. In most of references concerning tri- 
bological behavior of Ti,SiC, in water and ethanol, no such calculation is conducted. 
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It is not necessary to make calculation in these references because film thickness is 
low as compared to the surface roughness of the sliding surface under high load and 
low sliding speed. 

Hai et al. made calculation and determined the lubrication regime of self-mated 
Ti,SiC, in short-chain n-alcohols [13] as velocity increases from 0.005 to 0.3 m/s. 
Although many of the evaluated alcohols are not low viscosity fluids, it is not surpris- 
ing that self-mated Ti,SiC, works in boundary lubrication regime under lubrication of 
short-chain alcohols. For example, the typical calculated A is lower than 0.05 under 
lubrication of ethanol and this means full film lubrication is impossible. 


3.2.2 Tribological behavior in water 


In general, laboratory-based evaluation of the tribological behavior of Ti,SiC, in 
water shows unsatisfied results [14-18]. Moderate friction coefficient (0.4-0.5) and 
low-to-moderate wear rate (10-°-10-* mm3/N/m) are typical tribological characteris- 
tics of Ti,SiC, in water. Mechanical wear of Ti,SiC,, that is, grain fracture and pullout, 
is still evident but is greatly inhibited in water. Due to grain fracture and pullout, the 
worn surfaces of Ti,SiC, are normally rough in water. Polishing of Ti,SiC, in water 
seems to be impossible based on the earlier results. In Section 3.4, however, abra- 
sive-free polishing of Ti,SiC, in water will be introduced. 

The tribological behavior of Ti,SiC, in seawater is as poor as that in water [14]. 
It should be noted that additional experiments should be conducted to support or 
object this result. There are some papers dealing with the tribological behavior of 
Ti,SiC, in acid and base [17, 20] but it is not the topic of this chapter. 


3.2.3 Tribological behavior in alcohols 


According to the laboratory-based evaluation, the tribological behavior of Ti,SiC, in 
alcohols is promising in light of low friction coefficient, low wear rate and smooth 
worn surface [12, 13, 15-18]. Typical friction coefficients are between 0.1 and 0.2 and 
wear rates are on the order of 107-10 mm?/N/m in sliding against steel ball (SAE 
52100 [15] and hard ceramic ball; Si,N, [16, 17] and ALO, [16]). Self-mated Ti,SiC, 
exhibits low friction coefficient (0.1-0.2) in ethanol and other short-chain alcohols 
[13]. The wear rates of Ti,SiC, pin are normally one order of magnitude higher than 
that of Ti,SiC, disk. After a long sliding distance (22.9 km), wear rates of Ti,SiC, pin 
and Ti,SiC, disk are on the order of 107-10-76 mm?/N/m. The worn surface of Ti,SiC, is 
smooth, and cavity due to grain fracture and pullout can hardly be seen. 

As shown in Table 3.1, two kinds of movement, that is, rotation and oscillation, 
are used. It seems that there is no distinct difference on friction coefficient between 
rotation and oscillation. 
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Volatilization of water is very low at ambient temperature and pressure. Unlike 
water, volatilization of ethanol is high and has considerable impact on the friction 
and wear of Ti,SiC,. Were volatilization of ethanol high enough, the tribo-interface 
should have been lack of ethanol. As a result, the tribological behavior of Ti,SiC, 
varies accordingly. To avoid this, the initial amount of ethanol should be high enough 
to make sure there is adequate ethanol at the tribo-interface. At temperatures higher 
than room temperature, volatilization of ethanol will be a big problem. 


3.2.4 Comparison of tribological behavior in water and alcohols 


In Sections 3.2.2 and 3.2.3, the tribological behavior of Ti,SiC, in water and alcohols 
is presented (see Table 3.1). It is clear that Ti,SiC, shows distinct friction and wear in 
water and alcohol according to the laboratory-based evaluation. This is an unsolved 
and challenging topic deserved for further research. 

One fact we know is that water and ethanol have comparable viscosity at room 
temperature. However, water and ethanol have distinct physical (e. g., surface energy 
and volatilization) and chemical (e. g., reactivity) properties. 

Here is one example of different tribological behavior due to different physical 
property of water and ethanol. As far as we know, the effect of water volatilization 
during a tribological test on friction and wear can be neglected at room tempera- 
ture in air. In contrast, volatilization of ethanol has a pronounced impact on the 
friction and wear of Ti,SiC, at ambient temperature in air. We have unpublished 
data, which shows the big impact of volatilization of ethanol on friction and wear 
of Ti,SiC,,. 

Here is one example of different tribological behavior due to different chemical 
properties of water and ethanol. Hibi points out that oxide masses by tribo-oxida- 
tion of Ti,SiC, cause oxidation wear and abrasive wear in water while tribo-oxida- 
tion scarcely occurred in ethanol [12]. This is the depiction of reactivity of water and 
ethanol with Ti,SiC,. Obviously, more efforts should be made before the true mecha- 
nism is revealed. 

Water is still water after a tribological test. However, polycondensation of ethanol 
by the catalysis of TiO, and SiO, , gives birth to paraffins and olefins [18]. Investiga- 
tion on polycondensation of ethanol at elevated temperature is necessary in future. 


3.2.5 Lubricating additive for water and alcohols 


For a commercially available oil-based lubricant, a series of additives of various func- 
tions (e. g., extreme pressure, friction modifier, anti-oxidation and corrosion inhibi- 
tor) is necessary to obtain required performance. As mentioned in Section 3.2.2 and 
3.2.3, water and alcohols are “base oil” free of additives. 
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In the present stage, however, no lubricating additive is available for water and 
alcohols. Are we able to design a lubricating additive based on our knowledge of mol- 
ecule structure and interaction between Ti,SiC, and additive (tribochemistry)? Are we 
able to synthesize a lubricating additive as powerful as ZDDP (Zinc Dialkyl Dithio- 
phosphates)? Water is a poor lubricant. The mighty nature makes water a good lubri- 
cant by making use of protein. What can we learn from nature? 


3.3 Tribochemistry 


Mechanical wear of Ti,SiC,, that is, grain fracture and pullout, can be greatly inhibited 
in water and alcohols. In addition, since water and alcohols are reactive fluids, tribo- 
chemistry plays an important role in determining friction and wear of Ti,SiC,. Up to 
now, there is no detailed investigation on the tribochemistry of Ti,SiC, in water. Only 
two papers give detailed investigation on the tribochemistry of Ti,SiC, in ethanol. In this 
sense, there is still a long way to go for the tribochemistry of Ti,SiC, in water and ethanol. 

Ren et al investigate tribochemistry of Ti,SiC,/Si,N, tribopair in ethanol [16]. 
Unlike ALO,, which is tribochemically inert in ethanol, Si,N, is chemically reactive 
in ethanol in sliding contact. As such, tribochemistry of Ti,SiC,/Si,N, tribopair in 
ethanol is complex. The current surveys on tribochemistry of Ti,SiC, focus on two 
aspects. One is determination of the chemical composition and chemical state of the 
worn Ti,SiC, surface using XPS (X-ray Photoelectron Spectrometer). Another is sepa- 
ration and identification of products in ethanol solution GS-MS (Gas Chromatogra- 
phy - Mass Spectrometry) and FTIR (Fourier Transform Infrared Spectroscopy). By 
doing so, the possible tribochemical reactions involved can be deduced. It is found 
that tribochemical products are colloid silicic acid from Ti,SiC, and silicon alkoxide 
and amines from Si,N, dissolved in friction liquid. 

Hai et al investigate tribochemistry of self-mated Ti,SiC, [18]. Tribo-pair made of 
one material, Ti,SiC,, makes tribochemistry less complex. The surface film is com- 
posed of TiO, and SiO in ethanol. Tribochemical products in ethanol, that is, silica 
gel and titanium dioxide, are found. By performing very long test (64 h or 22.9 km in 
sliding distance), polycondensation of ethanol by the catalysis of TiO, and SiO, _, gives 


Table 3.2: Surface roughness (R /um) of Ti,SiC, disks during grinding and polishing process in water. 


Sample Lubricant Step1 Step2 Step3 Step4 Step5A Step 5B 6 x Step 5B 


(time = 30 min) 
R-TSC Water 0.305 0.139 0.046 0.049 0.117 0.051 0.037 
P-TSC Water 0.302 0.119 0.037 0.046 0.071 0.045 0.038 
R-TSC Ethanol 0.414 0.132 0.043 0.061 0.074 0.056 N/A 


The detailed information can be found in reference [20]. Steps 1-4 are grinding process and steps 5A and 5B are 
abrasive-free polishing. 
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birth to paraffins and olefins. The formation of paraffins and olefins in a thermally 
activated condition requires a temperature as high as 450 °C. Film-like wear debris 
can be found under lubrication of ethanol while this kind of wear debris cannot be 
found under dry sliding and under lubrication of water. However, we still know very 
little about tribochemistry of self-mated Ti,SiC,,. 


3.4 Abrasive-free polishing of Ti,SiC, in water 


Although Ti,SiC, is machinable, the surface finishing under dry condition cannot 
meet the requirement of some applications. Instead of using hard particle suspen- 
sion (SiO, and diamond), we develop an abrasive-free polishing process [19], in which 
water acts as a lubricant and a coolant for polishing Ti,SiC, surface. 

The grinding and polishing processes are conducted on a semi-automatic Buehler 
Grinder/Polisher (Phoenix Beta). The platen and operation parameters are selected 
based on grinding and polishing procedure using diamond suspension. The Ultra- 
Prep metal-bonded disk, Apex DGD color disk, Apex Hercules H rigid grinding disk 
and Apex Hercules S rigid grinding disk are grinding disks inlayed with diamond par- 
ticles with sizes of 45, 15, 9 and 3 um, respectively. The TriDent cloth is softer woven 
synthetic cloth without nap and abrasive. The MicroCloth is synthetic cloth with 
medium nap and without abrasive. 

We use two kinds of Ti,SiC, samples: one is prepared by reactive hot pressing 
(sample R-TSC) and another is prepared by direct hot pressing (sample P-TSC). The 
surface quality of the two kinds of Ti,SiC, samples is pretty good by using abrasive-free 
polishing in water with continuous supply (see Table 3.2). 

In Section 3.2, it is found that the friction and wear of Ti,SiC, in ethanol are much 
better than that in water. For the grinding and polishing process, it is not the case (see 
Table 3.2). The surface roughness R, of Ti,SiC, using ethanol as lubricant is slightly 
higher than that using water as lubricant. 


3.5 Concluding remarks 


The main aim of this study on tribological behavior of Ti,SiC, in water and alcohols is 
to explore the possible applications of Ti,SiC, as a tribomaterial for lubrication system 
using low viscosity fluids. There is a long way to go for understanding the tribological 
behavior and tribochemistry of Ti,SiC, in water and alcohols. More tribological data 
and in-depth understanding of tribochemistry are necessary. The successful polish- 
ing of Ti,SiC, in water is an unexpected surprise of this study. 
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S. Baskar, G. Sriram, S. Arumugam and J. Paulo Davim 


4 Modelling and Analysis of the Oil-Film 
Pressure of a Hydrodynamic Journal Bearing 
Lubricated by Nano-based Biolubricants 
Using a D-Optimal Design 


Abstract: Synthetic lubricants with nano-additives have seen greater improve- 
ments in recent times. However, the information about the performance peculiar- 
ities of nano-based biolubricants in actual machines is scarce. Oil-film pressure 
is one of the crucial parameters when developing a new lubricant that describes 
the operating conditions in hydrodynamic lubrication regimes. To fill this gap, a 
response surface methodology (RSM) based on D-optimal design was employed 
to model and analyse the oil-film pressure of a hydrodynamic journal bearing, 
lubricated by nano-based biolubricants and a synthetic lubricant (SAE 20W40). 
The analysis was executed by selecting the bearing load and speed as numerical 
factor and synthetic/nano-based biolubricants as the categorical factor, to evaluate 
the lubricant’s oil-film pressure. The results showed that RSM based on D-optimal 
design was influential in the selection of suitable lubricant for a typical system, 
especially for the hydrodynamic journal bearing used in internal combustion 
engines. A bearing load of 2 kN, a speed of 1,000 rpm and a bronze bearing material 
lubricated with chemically modified rapeseed oil (CMRO) as the biolubricant dis- 
persed with nano-CuO had the lowest oil-film pressure. Furthermore, the scanning 
electron microscopy analysis of the tested bearing surfaces lubricated with CMRO 
containing nano-CuO showed smoother than with a synthetic lubricant and other 
nano-based biolubricants. 


4.1 Introduction 


Hydrodynamic journal bearings are effectively used in many engineering applica- 
tions, ranging from small motors to internal combustion (I.C.) engines. The design 
of such bearings is optimized to develop an effective lubricant film between the 
journal and bearing surfaces so that the oil-film pressure within the lubricant film 
supports the radial load and prevents a metal-metal contact. The load-carrying 
capacity of the journal bearing is dependent on the pressure generated in the 
lubricant layer [1, 2]. Hence it is of prime importance to study the oil-film pressure 
of the lubricant in such a bearing, which helps the designers to know the effect 
of the lubricant film on the performance characteristics of the bearing. Kasolang 
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et al. [3] executed an experimental study for the pressure distribution profile in a 
hydrodynamic journal bearing under the influence of various lubricants and com- 
pared their results with the theoretical pressure profile resulting from the Raimondi 
and Boyd chart. Ahmad et al. [4] conducted an experimental work for analysing 
the effect of the oil groove location on the oil-film pressure and temperature in a 
hydrodynamic journal bearing. Ku et al. [5] investigated the tribological behaviour 
of journal bearings made of polytetrafluoroethylene (PTFE) composite and alumin- 
ium alloys under mineral oil lubrication, using a journal bearing test rig (JBTR). 
In all the studies of the bearings, the lubricants considered were petroleum-based 
minerals or synthetic ones. However, engineers are often confronted with increas- 
ing demands for more efficient and environment-friendly products, due to the fluc- 
tuations and uncertainty in the crude oil market and stringent enforcement legis- 
lations [6, 7]. 

In this series, Arumugam et al. [8] and Arumugam and Sriram [9] have formulated 
vegetable oil-based biolubricant via chemical modification techniques, to enhance its 
thermo-oxidative stability and cold-flow behavior. Further, they used this formula- 
tion to analyse the tribological behavior of a cylinder liner/piston ring tribopair, and 
compared this with that of a synthetic lubricant. They found that in the absence of 
an anti-wear additive, a biolubricant is inferior to a synthetic lubricant. Nowadays, 
the particular need of numerous engineering applications is often improved by using 
nano-additives in the lubricating oil. Shenoy et al. [10] studied the static performance 
characteristics of an externally adjustable fluid film bearing operated with CuO, 
TiO, and diamond nano-additives inclusion in API-SF engine oil. They observed an 
approximately 23 % higher load-carrying capacity of the stated bearing with the addi- 
tion of the TiO, nanoparticle. Prasad et al. [11] examined the effects of dispersing talc 
nanoparticles in an oil lubricant toward controlling the sliding wear characteristics of 
a bronze journal bearing. They found that the 3-5 % of talc concentrations effectively 
reduced the wear, frictional heating and coefficient of friction. Arumugam and Sriram 
[12] made an effort to analyse the tribological improvement of liner-ring combina- 
tion under the influence of chemically modified rapeseed oil (CMRO) with nano-CuO 
additive using high-frequency reciprocating rig. They suggested that 0.5 wt. % of 
nano-CuO is optimum in enhancing the anti-friction and anti-wear characteristics. 
In another study by Arumugam et al. [13], they used CMRO with nano-CuO as nano- 
based biolubricant for the 100 % replacement of a synthetic lubricant. The loss of 
energy efficiency in an I.C. engine is due to the friction loss in the bearings next to 
the cylinder liner—piston ring tribopair [14, 15]. Therefore, it is essential to reduce the 
frictional losses of bearings used in any mechanical system. In order to reduce the 
friction and wear between the tribo-surfaces in journal bearing, the selection of a suit- 
able lubricant is most important. The motive of the present investigation is to bring 
out the enormous potential of nano-based biolubricants to be used in hydrodynamic 
journal bearing for I.C. engine applications. 
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Response surface methodology (RSM) is an important branch of experimental 
design [16]. An optimal experimental plan can be computed using the methodology of 
optimal experimental design for parameter estimation. The D-optimal design is one 
of the several alphabetic optimalities developed to select experimental design points. 
The D-optimal design was effectively used by Baskar et al. [17] for modelling and ana- 
lysing the tribological characteristics of various journal bearing materials under the 
influence of nano-based biolubricants. Hence, a substantial investigation has been 
done in recent years to study the oil-film pressure of mineral and synthetic lubricants 
[18, 19]. However, of these investigations, no work is devoted to the oil-film pressure 
of journal bearings under the influence of vegetable oil-based biolubricants dispersed 
with nano-additives. The present research is undertaken to analyze systematically 
the effect of various nano-additives on vegetable oil-based biolubricants on the oil- 
film pressure development of a hydrodynamic journal bearings for typical automo- 
bile applications and a comparison is also made with commercial petroleum-based 
engine oil (SAE 20W40). 


4.2 Experimental details 
4.2.1 Synthesis of a nano-based biolubricant 
Figure 4.1 shows the schematic representation of the synthesis of nano-based bio- 


lubricants from rapeseed oil. The rapeseed oil was chemically modified through 
epoxidation, hydroxylation and esterification techniques in order to enhance its 


Rapeseed oil Chemical modification process Biolubricant 


Epoxidation 
hydroxylation 
and esterification 


Ultrasonication 


rocess 
P Process 


Figure 4.1: Schematic representation of synthesis of nano-based biolubricants. 


76 —— 4 Modelling and Analysis of the Oil-Film Pressure of a Hydrodynamic Journal Bearing 


Table 4.1: Properties of nanoparticles. 


Properties Values of CuO Values of WS, Values of TiO, 
Purity (%) 99 99.9 99.5 

Size range (nm) 40-70 40-80 30-50 

Colour Black Grey White 
Morphology Nearly spherical Nearly spherical Nearly spherical 
Bulk density (kg/m?) 0.76 x 103 0.25 x 103 0.42 x 10? 

True density (kg/m?) 6.4 x 1073 7.5 x 1073 3.9 x 1073 


Table 4.2: Properties of formulated nano-based biolubricants. 


Properties Standard SAE 20W40 CMRO + CMRO + CMRO + 
nano-CuO nano-WS, nano-TiO, 
Viscosity at 100 °C (cSt) ASTM D445 15.2 15.4 15.3 15.1 
Pour point (°C) ASTM D97 -21 -15 -15 -15 
Flash point (°C) ASTM D92 250 246 239 236 
Viscosity index ASTM D2270 133 179 177 176 
Specific gravity at 15 °C ASTM D287 0.87 0.89 0.88 0.88 
Wear scar diameter (mm) ASTM D4172 0.5845 0.3546 0.3749 0.3847 
Oil-film thickness (um) - 55 69 63 59 


thermo-oxidative stability and low-temperature fluidity. The various nano-additives 
such as nano-CuO/WS,/TiO, of 0.5 wt % were added to CMRO to improve its anti- 
wear ability. The detailed procedure for the synthesis of nano-based biolubricants is 
adopted from the study carried out by Arumugam and Sriram [12]. Tables 4.1 and 4.2 
sum up the properties of the nanoparticles used in this study and those of synthesized 
nano-based biolubricants, respectively. 


4.2.2 Experimental design and procedure 


RSM is a collection of statistical and mathematical techniques useful for devel- 
oping, improving and optimizing processes. Additionally, the D-optimal design is 
used as an alternative to the common optimal design, when categorical factors are 
considered in the experimentation. An RSM based on D-optimal design was used 
for designing the bearing experiments, and for modelling and analysing the output 
response of the lubricant’s oil-film pressure. The experimental design consists of two 
numerical factors, namely, the bearing load and speed of three levels each, with one 
categorical factor of types of lubricant at four levels and is represented in Table 4.3. 

A JBTR (Model: TR-60; Make: Ducom Instruments, Bangalore, India) was used in 
this study for measuring the oil-film pressure of journal bearings under the influence 
of various nano-based biolubricants and is shown in Figure 4.2. 
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Figure 4.2: Journal bearing test rig (JBTR). 


Table 4.3: Design of the bearing parameters and their levels. 


Parameters Numerical Levels 
-1 0 +1 
Bearing load (L), kN Numerical 2 6 10 
Speed (S), rpm Numerical 1,000 2,000 3,000 
Categorical 1 2 3 4 
Lubricating oil Categorical SAE 20W40 CMRO + CMRO + CMRO + 
nano-CuO nano-WS, nano-TiO, 


The journal is mounted horizontally on a self-aligned bronze bearing with 1/d ratio 
of 0.5. The bearing slides over the journal with 100 pm clearance and as it rotates, 
a hydrodynamic lubrication condition is formed. The loading arm was connected to 
the bearing surface which would press the load cell during its operation. A pressure 
sensor is used to measure the oil-film pressure of the lubricant between the journal 
and the bearing. At the beginning of every test, the lubricant chamber and its line 
were completely cleaned with the help of the solvent. Following this, the oil chamber 
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Table 4.4: D-optimal design matrix with actual variables and measured responses. 


Run Numerical factor Categorical factor Response 


Bearing load (kN) Speed (rpm) Lubricating oil Experimental oil-film pressure (MPa) 


1 10 1,000 CMRO + nano-WS, 8.8 
2 6 3,000 SAE 20W40 9.5 
3 2,000 CMRO + nano-WS, 8.8 
4 2 3,000 CMRO + nano-CuO 8.8 
5 10 3,000 CMRO + nano-WS, 9.5 
6 2 1,000 SAE 20W40 8.9 
7 2 3,000 CMRO + nano-TiO, 9.1 
8 2 1,000 CMRO + nano-CuO 8 
9 2 1,000 CMRO + nano-TiO, 8.8 
10 6 2,000 CMRO + nano-TiO, 9.3 
11 10 1,000 CMRO + nano-WS, 9 
12 6 3,000 SAE 20W40 9.5 
13 10 3,000 CMRO + nano-TiO, 9.6 
14 2 2,000 SAE 20W40 9.6 
15 10 3,000 CMRO + nano-CuO 9 
16 2 3,000 CMRO + nano-CuO 8.7 
17 1,000 SAE 20W40 9.5 
18 2,000 CMRO + nano-TiO, 9.2 
19 2 3,000 CMRO + nano-WS, 9 
20 10 2,000 SAE 20W40 10 
21 10 2,000 SAE 20W40 10 
22 2 1,000 CMRO + nano-WS, 8.6 
23 10 3,000 CMRO + nano-TiO, 9.6 
24 10 1,000 CMRO + nano-CuO 8.6 
25 6 2,000 CMRO + nano-CuO 8.9 


was filled with the lubricant to be tested. The lubricant temperature was controlled at 
120 °C. After reaching the required lubricant temperature, the journal was rotated at 
the designed speed and bearing load, as mentioned in Table 4.3. Based on the D-opti- 
mal experimental design, 25 experiments were conducted and the observed response 
is illustrated in Table 4.4. Duplicate tests were performed under the same test con- 
ditions to ensure the repeatability of the test data, and the standard deviation was 
found to be approximately 0.021. 


4.2.3 Development of a mathematical model 


A mathematical model has been developed to determine the oil-film pressure of newly 
formulated nano-based biolubricants. An RSM-based D-optimal design was used to 
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establish the experimental run. The D-optimal design was used to select the design 
points and minimize the variance linked with the estimates of the specified model 
coefficient. The procedure adopted for the D-optimal design is as follows: 

i. Defining the level 

ii. Selection of the fitting model 

iii. Selection of the design points 


The selection design points depend on the selected model [16] and the mathematical 
form of relationship between the desired output response and self-governing input 
parameters is represented as follows: 


Y=f(X, X» X), 


where Y is the desired output response, X, the bearing load, X, the rotating speed and 
X, the type of lubricating oil. 

A second-order polynomial response surface can be fitted into the following 
equation in order to study the influence of the nano-based biolubricants on the oil- 
film pressure of hydrodynamic journal bearings: 


Y = Bo + Zp; X; + Ep; X? + Zp; XX; (4.1) 
where Y is the output response, that is, oil-film pressure of the lubricant; £, is a con- 
stant; and £, is the regression coefficient; £, represents the quadratic coefficient; Bi is 
the interaction coefficient. The quadratic model of the desired output response can be 
represented in matrix form as follows: 


Y=Xa+e, 


where X is a matrix of model terms calculated at the data points, € is an error term, 
a is the regression coefficient vector and is estimated by means of the least squares 
error method as follows: 


a = (XTX) XTX, 


where X" is the transpose of the matrix X. 

In the D-optimal design, the design points are chosen by the selected quadratic 
model, which results in 15 minimum model points, where five points are used to 
approximate the lack of fit and the remaining repeats as well. Table 4.5 shows the 
final quadratic models established in actual terms concerning the desired output 
response as oil-film pressure for different nano-based biolubricants as well as com- 
mercial petroleum-based engine oil (SAE20W40). 
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Table 4.5: D-optimal equations for oil-film pressure. 


Response Equation 


SAE 20W40: 


Oil-film pressure (MPa) 8.37294 + 8.62006E-003 x L + 9.06825E-004 x S —- 8.74328E-006 x L x S + 
6.88552E-003 x L? —- 1.89832E-007 x S? 
CMRO + nano-CuO: 


Oil-film pressure (MPa) 7.20388 — 0.012234 x L + 1.10016E-003 x S — 8.74328E-006 x Lx S + 
6.88552E-003 x L? — 1.89832E-007 x S? 
CMRO + nano-WS,: 


Oil-film pressure (MPa) 7.60181 - 0.016207 x L + 1.06606E-003 x S - 8.74328E-006 x L x S + 
6.88552E-003 x L? —- 1.89832E-007 x S? 
CMRO + nano-TiO,: 


Oil-film pressure (MPa) 7.98997 + 3.79513E-003 x L + 9.45281E-004 x S - 8.74328E-006 x L x S + 
6.88552E-003 x L? - 1.89832E-007 x S? 


4.3 Results and discussion 
4.3.1 Analysis of the developed quadratic model 


The analysis of variance (ANOVA) is used for the statistical validation of the devel- 
oped quadratic model. The sum of squares (SS) in the ANOVA table is the square of 
the deviation from the grand mean of the response, and mean square (MS) is the ratio 
of SSs to the number of degrees of freedom. The fitness of the developed model with 
the experimental data is measured in terms of the coefficient of determination, R? 
and adjusted R’. The values of R? and adjusted R? are nearer to 1, which is in good 
agreement and designate it is an adequate model. The range of forecast values from 
the design points to the average forecasting error is compared in terms of adequate 
precision (AP), which is a measure of the signal-to-noise ratio. An AP value greater 
than 4 is always desirable [17]. If the value of AP is noticeably greater than 4, it is a 
good sign of adequate model judgment. 

The adequacy of the model is verified using the F value. The assessment for both 
significance and lack of fit is also performed in addition to the F value calculation 
as listed in Table 4.6. The value of “Probability > F” in Table 4.6 for the model is 
less than 0.05, which indicates that the developed model is significant. The lack-of- 
fit component infers that the lack of fit is not significant relative to the pure error. 
A non-significant lack of fit is always desired and it is good. Further, the model is 
also validated using the normal probability plot as shown in Figure 4.3. The normal 
probability plot for oil-film pressure is normally distributed and is like a straight line, 
which shows that the developed model is a remarkable one. The positive value of the 
coefficient in the equations in Table 4.5 suggests that the oil-film pressure increases 
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Table 4.6: ANOVA results — oil-film pressure. 


Source Sumof Degreesof Mean Fvalue p- Value, R? Adj-R? Adequate 
squares freedom square poF precision 

Model 5.09 14 0.36 12.78 0.0001 0.9471 0.8730 14.755 

Residual 0.28 10 0.028 

Lack of fit 0.25 4 0.064 1.94 0.3251 Not significant 

Pure error 0.030 6 5.0E-3 

Total 5.37 24 
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Figure 4.3: Normal probability plot of residuals for a response: oil-film pressure. 


with the increase in the associated variables, whereas the negative value designates 
an opposite effect. 


4.3.2 Optimization of the oil-film pressure of lubricants using 
the desirability analysis 


Desirability is an objective function that ranges from 0 outside of the limits to 1 at the 
goal. The numerical optimization finds a point that maximizes the desirability function. 
The characteristics of a goal may be altered by adjusting the weight or importance. For 
several factors and responses, all goals are combined into one desirability function. 
The method makes use of an objective function, D(X), called the desirability function. 
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Table 4.7: Goals set and levels used for optimization. 


Parameters Goal Lower level Upper level 
Load (kN) Is in range 2 10 

Speed (rpm) Is in range 1,000 3,000 
Lubricating oils Is in range SAE 20W40 CMRO with nano-TiO, 
Oil-film pressure (MPa) Minimize 8.0 10.0 


It reflects the desirable ranges for each response (d). The simultaneous objective func- 
tion is a geometric mean of all transformed responses: 
n 1/n 
De = (dey x dez EESE den)” = ( Ii de; ) i 
E 
where n is the number of responses in the measure. 

The optimization of the lubricant’s oil-film pressure was estimated using Design 
Expert® 8.0 software. The goals set, and the lower and upper levels are listed in Table 4.7. 

The best solution obtained from the optimization analysis is summarized in Table 
4.8. The 2D contour plots for desirability and the lubricant’s oil-film pressure are pre- 
sented in Figure 4.4(a) and (b). These 2D contours are able to estimate the desirability 
at any zone of the experimental domain. 

From the 2D contour plots, it is evident that the bearing load of 2 kN, speed of 
1,000 rpm and lubricant of CMRO with nano-CuO are essential to minimize the oil- 
film pressure of 8.099 MPa, and its corresponding desirability is 0.95. Figure 4.5 shows 
the ramp function graph that represents each input parameter/output response. The 
dot on every ramp designates the preferred input parameters corresponding to the 
minimum lubricant’s oil-film pressure. 


4.4 Confirmation tests 


The confirmation test is also conducted to validate the developed statistical model. 
The scheme of the confirmation tests and their corresponding results is tabulated in 
Table 4.9. The confirmation tests were conducted twice and the average values are 
reported. From Table 4.9, the predicted and experimental values are seen to be close 
to each other, and thus, the developed model is appropriate for predicting the lubri- 
cant’s oil-film pressure that is produced in the hydrodynamic journal bearing under 
the influence of nano-based biolubricants. 


4.5 Analysis of the oil-film pressure 


The variation in oil-film pressure with bearing load and rotating speed for the various 
lubricating oils is presented as a 3D response graph, illustrated in Figure 4.6(a)-(d). 
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Figure 4.4: (a) 2D contour plots for desirability and (b) lubricant’s oil-film pressure of journal 
bearing lubricated by CMRO + nano-CuO. 


As shown in Figure 4.6, the oil-film pressure increases with the increase in the bearing 
load and speed. The oil-film pressure versus bearing load and the oil-film pressure 
versus bearing speed for various lubricants as interaction plots are shown in Figures 
4.6 and 4.7, respectively. From the 3D response graph and interaction plots it is 
observed that CMRO with nano-CuO offers a minimum oil-film pressure of 8.099 MPa 
at the bearing load of 2 kN and bearing speed of 1,000 rpm among all the tested lubri- 
cating oils, whereas for the same operating conditions the oil-film pressure is 9.01, 9.1 
and 9.38 MPa for CMRO with nano-WS,, CMRO with nano-TiO, and SAE 20W40, respec- 
tively. This minimum oil-film pressure development of CMRO with nano-CuO is mainly 
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Figure 4.5: Response desirability — ramp function graph. 


Table 4.8: Best global solution. 


Solution no. Bearing load (kN) Speed (rpm) Lubricating oil Oil-film pressure (MPa) 
1 2.0 1,000 CMRO with nano-CuO 8.099 
2 2.1 1,000 CMRO with nano-CuO 8.110 
3 2.4 1,000 CMRO with nano-CuO 8.135 


due to the effect of viscosity. The viscosity of CMRO containing nano-CuO is higher 
than that of CMRO containing nano-WS,/nano-TiO,as reported in Table 4.2. However, 
higher bearing load and speed other than the optimum conditions lead to an increase 
in the lubricant’s oil-film pressure, mainly attributed to the reduction in lubricant 
viscosity and followed by oil-film thickness, which is responsible for the increasing 
lubricant oil-film pressure as indicated in Table 4.2. Of note is the fact that CMRO with 
nano-CuO has the highest viscosity index (VI) of 179 among all the tested lubricants. 
Because of the high VI, the viscosity of the lubricant (CMRO with nano-CuO) is higher 
through much more of the bearing with a corresponding low VI lubricant (SAE2ZOW40). 
Although the CMRO with nano-CuO has the highest VI, at higher bearing load and 
speed more heat is generated between the journal and bearing surfaces, which leads 
to a decreasing lubricant viscosity and thereby increasing the oil-film pressure. More- 
over, all the nanoparticles (CuO, WS, and TiO,) used in this work have a spherical mor- 
phology. The nanoparticles start to diffuse and shrink in volume when the lubricant 
temperature increases from room temperature to operating temperature, the nanopar- 
ticles are assembled further and diffuse into comparatively tight clusters. Because the 
density and melting point of the bulk nano-CuO are higher than those of the other two 
nanoparticles considered in this study as reported in Table 4.1, the CuO nanoparticles 
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Figure 4.6: Three-dimensional response plot for oil-film pressure of a 
bearing lubricated by (a) SAE 20W40, (b) CMRO with nano-CuO, (c) CMRO 
with nano-WS, and (d) CMRO with nano-TiO,. 
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Figure 4.7: (a) Oil-film pressure versus bearing load for various lubricating oils. 
(b) Oil-film pressure versus speed for various lubricating oils. 


Table 4.9: Scheme of confirmation experiments. 


Optimal parameter 


Predicted oil-film 
pressure (MPa) 


Experimental oil-film 
pressure (MPa) 


Bearing load: 2 kN 

Speed: 1,000 rpm 
Lubricating oil: CMRO with 
nano-CuO 


Setting level 


8.099 


8.0 
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can maintain their spherical profile even after diffusion and particle assembly, which 
is another important reason for the lower oil-film pressure. The above findings are also 
consistent with the earlier study by Baskar et al. [20]. 


4.6 Scanning electron microscopic analysis of worn surfaces 


The experiments were conducted using optimized bearing parameters, such as bearing 
load of 2 kN, bearing speed of 1,000 rpm and lubricant of CMRO with nano-CuO for the 
bronze bearing material. In addition to that, the test was also conducted for the same 
operating conditions with other nano-based biolubricants (i. e., CMRO with nano-WS, 
and CMRO with nano-TiO,) and synthetic lubricant (SAE20W40) for comparison pur- 
poses. Then the tested bearing surfaces under the influence of various lubricants were 
examined, using scanning electron microscopy (SEM) as shown in Figure 4.8(a)-(d). 
The pits appear to be deeper and continuous at the bearing surface lubricated with SAE 
20W40, while minor scratches are almost visible on the bearing surface lubricated by 
CMRO containing nano-CuO, which helps to detain the lubricant and prevent dry running 
and thus minimizes the wear, and this is clearly depicted in Figure 4.8 (a) and (b), respec- 
tively. However, when using CMRO containing nano-WS, and CMRO containing nano- 
TiO, as the lubricating media, some differences could be observed in the SEM images as 
shown in Figure 4.8(c) and (d), respectively. The severe cracks noticed on the bearing 
surfaces are due to the absence of an effective wear protecting tribo-film on the bearing 
surfaces, with the use of nano-WS,/ nano-TiO,, which resulted in considerable wear. The 
wear debris observed in the SEM images of Figure 4.8(c) and (d) proved the same. 


4.7 Conclusions 


This study has investigated the oil-film pressure development of a range of CMRO- 

based biolubricant with nano-additives, in comparison with commercial-based syn- 

thetic lubricants in journal bearing applications for an I.C. engine. The work results 
generally establish that nano-based biolubricants provide improved bearing opera- 
tions. The outcome of the present work is as follows: 

— CMRO containing nano-CuO offers minimum oil-film pressure, higher VI as com- 
pared to other nano-based biolubricants and improved journal bearing safety 
through greater oil-film thickness. 

— With a high viscosity index, CMRO containing nano-CuO offers an alternative to 
SAE 20W40 at lower speed/lower bearing load conditions. Even at higher speed/ 
higher bearing load conditions, it could provide lesser oil-film pressure than a 
synthetic lubricant. 

— The SEM micrograph corresponding to CMRO containing nano-CuO is smoother 
as compared to a synthetic lubricant in the same operating conditions. 


88 —— 4 Modelling and Analysis of the Oil-Film Pressure of a Hydrodynamic Journal Bearing 


(a) 


Hoe EHT=20.00kV — SignalA=SE2 Date: 30June2015 —_centrefornanotechnology.com 
WD=8.0mm Mag=251 x Time : 11:51:35 Sathyabama University 


(b) 


-00 kV SignalA=SE2 Date :30June 2015 centrefornanotechnology.com 
Mag =251 x Time : 10 Sathyabama University 


Figure 4.8: SEM image of bronze bearing material lubricated by (a) SAE 20W40, (b) CMRO 
containing nano-CuO, (c) CMRO containing nano-WS, and (d) CMRO containing nano-TiO,. 
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Umar Nirmal, Jamil bin Hashim and M.M.H. Megat Ahmad 

5 Wear Performance of Oil Palm Seed 
Fibre-Reinforced Polyester (OpSeFRP) 
Composite Aged in Brake Fluid Solutions 


Abstract: The current work is an attempt to study the tribological characteristics of 
oil palm seed fibre-reinforced polyester (OpSeFRP) composite aged in brake fluid 
solutions. Two different brake fluid solutions were used with different kinematic vis- 
cosities: DOT3 and DOT4 solutions. The ageing period was set as 3 years. A linear 
tribomachine was used to study the tribological performance of the composite at dif- 
ferent fibre loadings; 2.5-3.5 wt %. The tribological test was performed using different 
applied loads (5-20 N) and different sliding speeds (0.05-0.25 m/s) sliding on a stain- 
less steel counterface at 0.45 km of sliding distance. The outcome of the work showed 
that the aged samples demonstrated better tribological properties as compared to the 
unaged samples. For fibre loading of 3.0 wt %, specific wear rate of the OpSeFRP 
composite was lowered by 28.6 % and 36.7 %, while friction coefficient was reduced 
by 2.2 % and 11.7 % for DOT3 and DOT4 ageing solutions as compared to the nonaged 
samples for the same fibre loading conditions. On microscopic analysis of the worn 
samples, low thermal deformation was evidenced on the aged samples when com- 
pared with the unaged samples. For the aged samples, the fibres at the rubbing zone 
had served as a “coolant” since they had absorbed a certain amount of brake fluid 
solution. The roughness average of the composite and counterface after the test was 
high for the unaged samples since the samples experienced high deformation rate. 


5.1 Introduction 


Over the last decade, it had witnessed a growing interest in the development of tribo- 
logy of polymeric composites subjected to natural fibres. Tribology has become cru- 
cially important for environmental sustainability through improvement of product 
wear and frictional losses and development of more efficient systems. The continued 
research in alternative substitutes for tribology of polymeric composites has resulted 
in greater awareness on renewable sources of natural fibres. The concern on declining 
fossil fuels and its impact to the environment has attracted more research in alter- 
native green substitutes. Figure 5.1 illustrates the number of articles published on 
research works in tribology of synthetic and natural fibres over the last decade. It 
indicates the increasing interest of worldwide research in the topic. 

Natural fibres are gaining high interest in tribology of polymeric composites due 
to the fact that they are light in weight, are renewable, are non-abrasive to process 
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Figure 5.1: Number of articles published based on tribology of synthetic and natural fibres. 
(http: //www.ScienceDirect.com) 


equipment, are low in cost, are flexible in usage, have high-specific mechanical prop- 
erties, have better crash absorbance, have good sound insulation properties, are nat- 
urally recyclable and are biodegradable [1-4]. It was reported that 3.07 million tonnes 
of CO, emissions and 1.19 million m? of crude oil can be saved by substituting 50 % 
of synthetic fibres with natural fibre in automotive composite applications of North 
America alone [5]. Worldwide composite-making industry is now shifting their focus 
towards using natural fibres. Due to their social responsibility and environmental 
commitment, they are able to reduce carbon dioxide emissions substantially through 
substituting the usage of nonrenewable synthetic fibres to natural fibres as reinforce- 
ments in polymeric composites [6]. Despite the high interest paid on natural fibres as 
potential reinforcement in polymeric composites in the previous decade, Faruk et al. 
[7] had labelled the current century as the “cellulose century”. 

In lieu to the above and to the best of author’s knowledge, there is low amount of 
tribological works reported in the literature on the ageing characteristics of natural 
fibre polymeric composites. The author had previously reported in Ref. [8] on the 
ageing effects of oil palm fibre-reinforced polyester composites for bearing applica- 
tions. It was found that the composite with highest absorption rate exhibited poor 
wear and friction performance. The work also revealed that the ageing character- 
istics of polymeric composite-reinforced natural fibres can directly lower the wear 
property of the composite. Moreover, the degradation of polymeric composite-rein- 
forced natural fibres highly depends on various factors such as types of immersion 
solution used, immersion duration, surrounding temperature, the amount and type 
of fibres used. 
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Therefore, it is critical to investigate the tribological performance of natural fibre 
polymeric composites on their ageing behaviour in various solutions since they can 
be fruitful in bearing applications replacing synthetic fibre composites. Interestingly, 
automotive giants such as Daimler Chrysler and Mercedes Benz [9] are very concerned 
in producing low weight vehicles derived from natural fibre composites since for 
every 1 kg of weight reduction of an automobile vehicle, as much as 5-8 L of fuel can 
be saved. As such, the current work is an attempt to use different weight fractions 
(2.5-3.5 wt %) of oil palm seed fibre-reinforced polyester (OpSeFRP) composite aged in 
brake fluid solutions for tribological applications. Different brake fluid solutions with 
different viscosities were used as the ageing solutions, namely to determine the tri- 
bological characteristics of the composite at different emersion durations (1-3 years). 
The tribological test will be conducted on an in-house designed linear tribomachine 
(LTM) subjected to different applied loads (5-20 N) and different sliding speeds 
(O-0.25 m/s) sliding on a smooth stainless steel counterface (hardness: 1,250 HB) at 
fixed sliding distance of 0.45 km. In addition, the morphology of the worn samples 
will be studied and the tribological performance of the composite will be reported. 


5.2 Materials preparation 
5.2.1 Preparation of fibres 


Oil palm seed fruits were obtained from a farm in Muar in the state of Melaka, Malaysia. 
For fibre preparation, oil palm fruits were crushed into small pieces. Upon this, the 
crushed pieces were collected and washed with fresh tap water (26 + 5 °C) and dried 
under the sun (34 + 5 °C) for 2 days. This eased the extraction of oil palm seed fibres 
from the crushed pieces. Figure 5.2 illustrates the raw oil palm fruit and its corre- 
sponding cross section showing the location of seed fibres which was harvested for 
composite fabrication. Following this, all extracted fibres were then cut into length of 
10-15 mm, rinsed under running distilled water (hardness 120-130 mg/L) to remove 
foreign impurities and finally dried under the sun for 2 days. After that, the fibres 
were treated with 6 % NaOH solution for 24 h. Upon that, the fibres were rinsed with 
running tap water and left to dry at room temperature (30 + 5 °C) before being placed 
in an oven for 5 h at 45 °C. Details on the fibre preparation and properties have been 
reported in Refs [10-12]. 


5.2.2 Preparation of composite 
For the current work, orthophalic unsaturated polyester resin (Butanox M-60) 


pre-promoted for ambient temperature and cured with the addition of methyl] ethyl 
ketone peroxide (MEKP) as catalyst was adopted for composite fabrication. They 
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Kernel from which palm 
kernel oil is extracted 


Figure 5.2: Schematic illustration of the raw oil palm fruit (a) and 
its corresponding cross section (b) [13]. 


were kindly supplied by Chemibond Enterprise Sdn Bhd. A closed aluminium 
mould with dimensions of 100 x 100 x 10 mm? was used for the purpose of fabri- 
cating the OpSeFRP composite. The inner surfaces of the mould were sprayed with 
a thin layer of wax as release agent. The prepared oil palm seed fibres with weight 
percentage of 2.5 wt % were uniformly mixed with the resin and 1.5 % hardener 
using an electric stirrer. The mixed fibre—polyester resin was then gently poured in 
the mould. When the mould was completely filled with the fibre—polyester resin, 
it was closed with a top steel cover, and a pressure of about 50 kPa was applied 
on the top of the mould to force out trapped air bubbles. The mould was cured for 
24 h at room temperature (28 + 5 °C). Upon that, the hardened OpSeFRP compos- 
ite was removed from the mould and it was post cured in an oven for 5 h at 45 °C. 
Prior to this, specimens in size of 10 x 10 x 20 mm? (cf. Figure 5.3) were machined 
from the fabricated composite for the purpose of conducting the tribotest. Similar 
method was adopted for fabricating the OpSeFRP composite using 3.0 and 3.5 wt 
% of oil palm seed fibres. The schematic view of the prepared test specimen for 
the purpose of conducting the tribological test with different fibre loadings is 
shown in Figure 5.3. Accordingly, all test specimens were post cured in an oven 
for 5 h at 45 °C and their initial weights (i. e., before immersion) were recorded 
using a +0.1 mg weight indicator (model: Shimadzu AW120). Upon this, five to six 
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specimens with different weight fractions (2.5, 3.0, 3.5 wt %) were immersed in dif- 
ferent brake fluid solutions of types DOT3 and DOT4 for a period of three years. 
The samples were placed in “air-tight” containers at monitored room temperature 
(30 + 5 °C) with humidity level of 80 + 10 %. Some basic properties of the solutions 
used are presented in Table 5.1. 

After three years, all specimens were carefully taken out from their respec- 
tive solutions and dried by means of wrapping them in tissue papers for 1 week 
at room temperature (30 + 5 °C). The reason tissue papers were used is because it 
had excellent absorbing capabilities [8]. Upon that, the tissue papers were removed 
and all test specimens were post dried in a “one-way moisture flow” ventilated 
oven (model: Panasonic NN-GS597A) at 50 °C for 1 day. This type of oven was used 
namely to enable the trapped moisture/solution in the specimens to flow out the 
oven’s chamber (i. e. through a one-way valve) during the drying process and at the 
same time preventing the surroundings moisture to enter into the oven’s chamber. 
Following this, all specimen weights were recorded using a +0.1 mg weight indi- 
cator (model: Shimadzu AW120). All specimens were individually placed in an 
air-tight container to prevent any moisture absorption by the samples prior to the 
tribotest. Their corresponding absorption rate for a period of 3 years with respect 
to the different solutions is presented in Figure 5.4. From the figure, it is noticed 
that the samples soaked in DOT4 solution experienced low absorption rate while 
the samples soaked in DOT3 solutions experienced higher absorption rate. This 
is due to the ease of absorption by the oil palm seed fibres in the resin matrix at 
low kinematic viscosity, that is, low fluid shear resistance. Hence, at higher vis- 
cosities, the fluid is more “thicker” which the fibres find hard to absorb during 
the soaking period. On the other hand, it is interesting to note from Figure 5.4 that 
from year 2012 to 2013, there wasn’t any remarkable change in the absorption rate 
of the samples soaked in different ageing solutions. This could be due to the fact 
that the fibres had resisted further absorption into its cell wall. Having this said, 
the current work justifies on the ageing period to be set at three years. Addition- 
ally, it is noticed from Figure 5.4 that the absorption rate was higher at high fibre 
loading conditions. The rationality behind this is because at higher fibre loading in 
the resin matrix, the tendency of the absorption rate by the fibres is high since the 
fibres are soft and hollow. 


Table 5.1: Some basic properties of the brake fluid solutions [14]. 


Brake fluids Dry boiling point, °C Wet boiling point, °C Viscosity at —40 °C, cst 


DOT3 205 140 1,500 
DOT4 230 155 1,800 


Absorbtivity (%) 


(b) 


Absorbtivity (%) 


2.5 


2.0 


1.5 


1.0 


0.5 


0.0 
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Figure 5.4: Absorption rate (%) subjected to three different fibre weight fractions 
(2.5, 3.0, 3.5 wt %) of OpSeFRP composite for DOT3 (a) and DOT4 (b) for a duration of 3 years. 


5.3 Experimental procedure 


For the current work, a newly developed LTM as illustrated schematically in 
Figure 5.5 was used to conduct the test. A load cell fixed on the lever recorded 
values of the frictional forces. The OpSeFRP composite test specimens were sub- 
jected to different applied loads (5, 10 and 20 N) and different sliding speeds 
(0.05, 0.15 and 0.25 m/s) sliding linearly on a smooth stainless steel counterface at 
fixed sliding distance of 0.45 km. Before each test, the stainless steel counterface 
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Figure 5.5: Illustration of the linear tribomachine (LTM). 


(ASTM B611, 1,250 HB) was polished using a silica carbide abrasive paper, grade 
no. 1000, while the specimens were polished against abrasive paper of grade no. 
800-2,000 SiC to ensure proper intimate contact between the specimen and the 
counterface. A speed controller was used to control the sliding velocities. Adhesive 
dry sliding tests were conducted at room temperature (28 + 5 °C) and the weight 
loss for each specimen was determined before and after testing, using a +0.1 mg 
weight indicator (model: Shimadzu AW120). Specific wear rate (W,) was calculated 
as follows: 


AV 
W,= FD i (5.1) 


where W, is specific wear rate (mm?3/N-m), AV is the volume difference (mm?), Fy is 
normal applied load, D is the sliding distance (m). 

The friction coefficient was determined using eq. (5.2). The tribological experiment 
was repeated three times and the experimental error was estimated to be 2.0-2.5 %, 
respectively. 


Measured frictional force ; (5.2) 


H= Applied normal load 

An NK metallurgical microscope (model: MT 7,100) was used to analyse the worn sur- 
faces morphology. All observing conditions were performed at room temperature of 
28 + 5 °C and at humidity level of 80 + 10%. 
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5.4 Results and discussions 
5.4.1 Wear performance 


Specific wear rate of the OpSeFRP composite at different applied loads (5-20 N) sub- 
jected to three different fibre weight fractions (2.0-3.5 wt %) aged in DOT3 and DOT4 
brake fluid solutions at various sliding velocities is presented in Figure 5.6. 

A visual examination of Figure 5.6(a)—(f) indicates that W, converges as sliding 
speed increases. There is a significant drop in W, from 0.05 to 0.15 m/s denoting the 
running in period. This could be due to the time taken for the test specimen to sta- 
bilize in contact mechanism against the sliding stainless steel counterface, that is, 
rapid deformation of asperities of the composite test specimen subjected to the dry 
adhesive wear test. At 0.15-0.25 m/s, W, converges in a much steady rate than before. 
It can be said here that the interfaces of the composite had achieved a steady wear 
with the sliding surfaces, that is real contact area of the composite at high sliding 
velocity and higher applied load is predominant. In other words, it can be said that 
the effect of W, is sensitive to the sliding speed of the counterface and less sensitive 
to the applied normal loads. However, at higher applied loads (i. e., 20 N), W, was the 
lowest at all sliding speeds, indicating lower material removal rate from the compos- 
ite test specimen. 

It was found that the W, of the composite aged in DOT4 solution was superior (cf. 
Figure 5.6(f)) when compared to the ones aged in DOT3 solution (Figure 5.6(c)). This 
could be due to the effect of absorption rate of the fibres that had significant influence 
on the W, values. For instance, absorption rate of the fibres aged in DOT4 solution 
was lowered by about 88.3 % when compared with the ones aged in DOT3 solution 
(cf. Figure 5.4). Hence, fibres with low absorption rate had better resistance against 
the polymer matrix which could have lowered the tendency of fibre pull-out during 
the sliding process, that is lower material removal rate. Besides, the results obtained 
for the current work is in agreement with the one reported in Ref. [8]. In that work, 
it was revealed that natural fibres with high absorption rate can weaken the fibre 
surface (i. e. cell wall densification), which could result in poor wear performance of 
that composite. This could help explain the poor wear performance of the OpSeFRP 
composite when aged in DOT3 solution (Figure 5.6(c)). More details on the wear mech- 
anism of the worn samples will be explained in the morphology section with the aid 
of the photomicrographs. 

To see the impact on W, against applied normal loads for the non-aged and 
aged samples at different fibre loadings, Figure 5.7 is presented. At a glance, the 
figure indicates that at constant sliding distance (0.45 km) and fixed sliding velocity 
(0.25 m/s), W, drops as applied loads increases. Moreover, the non-aged samples 
experienced high values of W, as compared to the aged samples at different applied 
loads and fibre loadings. This could be namely due to the severe thermomechani- 
cal loading incurred on the non-aged samples during the dry adhesive wear test. It 
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Figure 5.6: W, versus sliding velocity at different applied loads (5, 10, 20 N) subjected to three 
different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 and DOT4 
brake fluid solutions. 


can be interpreted here that when the fibres were aged for a period of 3 years, the 
fibres had absorbed a significant amount of brake fluid solution; cf. Figure 5.4. This 
lowered the impact of thermomechanical loading during the test. In other words, the 
soft fibres had the characteristics of a “solid state lubricant”, which caused ease in 
relative motion during the sliding process between the composite/counterface. This 
could help explain on the drop of W, for the aged samples as compared to the non- 
aged samples. 
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Figure 5.7: Steady state W, for the non-aged and aged samples at different applied loads (5, 10, 20 N) 
subjected to different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 
and DOT4 brake fluid solutions at sliding velocity of 0.25 m/s and 0.45 km of sliding distance. 


104 —— 5 Wear Performance of OpSeFRP Composite Aged in Brake Fluid Solutions 


The effect on different fibre loading on the wear performance of OpSeFRP com- 
posite for the non-aged and aged samples at 0.25 m/s of sliding speed, 0.45 km of 
sliding distance and 20 N of applied load is presented in Figure 5.8. For comparative 
purposes, the reduction of W, for the aged samples in DOT3 and DOT4 solutions as 
compared to the non-aged samples for the different fibre loadings is tabulated in Table 
5.2. In summary, it can be seen that 3.0 wt % of fibre loading in polyester resin served 
the purpose to lower the W, values (i. e. high wear resistance) by about 28.6 % for 
DOT3 and 36.7 % for DOT4 when compared with the non-aged sample, respectively. 


5.4.2 Friction performance 
Friction coefficient at different sliding velocities (0.05-0.25 m/s) and different applied 


normal loads (5-20 N) for the OpSeFRP composite aged in DOT3 and DOT4 solu- 
tion is presented in Figure 5.9, respectively. A visual examination of Figure 5.9(a—c) 
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Figure 5.8: W, for the non-aged and aged samples at different fibre weight 
fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 and DOT4 
brake fluid solutions at sliding velocity of 0.25 m/s, 0.45 km of sliding 
distance and 20 N of applied load. 


Table 5.2: Reduction in W, for the aged samples at different fibre 
loadings in different ageing solutions as compared to the non-aged 


samples. 

2.5 wt % 3.0 wt % 3.5 wt % 
DOT3 (%) -25.6 -28.6 -19.2 
DOT4 (%) -30.2 -36.7 -33.3 


Negative sign denotes reduction in specific wear rate, W,. 
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indicates that there is a nonlinear rise in friction coefficient. Besides, there is a sign of 
“increasing-diverging” trend of friction coefficient at sliding speeds of 0.15-0.25 m/s. 
Remarkably, Figure 5.9(d)—(f) indicates that the friction coefficient had a “increasing- 
converging” trend for the same sliding speeds mentioned earlier. One possible reason 
for the “increasing-diverging” trend of friction coefficient could be due to the disability 
of the fibres to support the resinous region of the composite during the adhesive wear 
test. The fibres aged in DOT3 solution had higher absorption rate as compared to the 
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Figure 5.9: Friction coefficient versus sliding velocity at different applied loads (5, 10, 20 N) 
subjected to three different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in 
DOT3 and DOT4 brake fluid solutions. 
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ones aged in DOT4 solution; cf. Figure 5.4. Hence, the fibres aged in DOT3 were relatively 
soft, which ruined the surface wettability of the fibre against the polyester resin. This 
could enhance the material removal rate since the resinous region had received poor 
support from the fibre, causing large fragments of the polyester to disintegrate from 
the composite during the sliding test. Nevertheless, the contact mechanism between 
the test specimen and the stainless steel counterface was predominant to the polyester 
resin which contributed to the increasing values of friction coefficient. In a work done 
by El-Tayeb [15], it was revealed that possible factors that led to high frictional forces 
during an adhesion dry test is due to the plastic deformation of polymer against the 
counterface material. This can explain on the results obtained for the current work. 

To see the impact of friction coefficient on applied normal loads and different 
fibre loadings for the non-aged and aged samples, Figure 5.10 is presented. It can 
be seen that when applied normal load increases, friction coefficient drops. This is 
attributed to the higher contact pressure incurred by the composite test specimen at 
higher applied loads resulting in low apparent area, that is high real contact area 
of the composite sliding surfaces against the counterface. This could contribute to a 
much gradual wear of the composite during the test which eventually lowered the fric- 
tional forces at the sliding zone. Moreover, it was previously reported in Ref. [16] that 
gradual wear of composite at high contact pressure is due to the steady deformation 
of asperities at the surfaces. This could help clarify the results mentioned earlier. On 
the other hand, friction coefficient was also low for all fibre loading conditions when 
the sample was aged in DOTA4. This is due to the fact that the fibres had low absorption 
rate due to the higher viscosity of DOT4 as compared to DOT3 solution. 

Figure 5.11 shows the effect of different fibre loading conditions on friction prop- 
erty for the non-aged and aged samples at 0.25 m/s of sliding velocity, 0.45 km of 
sliding distance and 20 N of applied load. It is obvious that ageing of OpSeFRP com- 
posite in DOT3 and DOT4 solutions served the purpose to reduce the friction coefficient 
for all the different fibre loading conditions as compared to the non-aged samples. In 
summary, the reduction in friction property for the samples aged in DOT3 and DOT4 
solutions is about 3.6 % and 14.5 % at 2.5 wt % and 2.2 % and 11.7 % at 3.0 wt %, 
respectively. The high values in friction coefficient for the non-aged and aged samples 
with fibre loading of 3.5 wt % will be explained in the morphology section with the 
assistance of the photomicrographs of the worn samples. 


5.4.3 Temperature performance 


Figure 5.12 shows the temperature profiles for the aged composite at DOT3 and DOT4 
solutions subjected to different fibre loadings (2.5-3.5 wt %) at different sliding veloc- 
ities (0.05-0.25 m/s) and different applied normal loads (5-20 N). Generally, it can be 
seen that interface temperature between the composite/counterface rises as sliding 
velocity and applied normal loads increase. This could be due to the higher shear 
force exerted by the composite test specimen at the rubbing zone. 
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Figure 5.10: Friction coefficient for the non-aged and aged samples at different applied loads (5, 10, 
20 N) subjected to different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in 
DOT3 and DOT4 brake fluid solutions at sliding velocity of 0.25 m/s and 0.45 km of sliding distance. 
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Figure 5.11: Friction coefficient for the non-aged and aged samples at different fibre weight fractions 
(2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 and DOT4 brake fluid solutions at sliding 
velocity of 0.25 m/s, 0.45 km of sliding distance and 20 N of applied load. 


However, interfaces temperature dropped for the aged samples at different fibre 
loading conditions as compared to the non-aged samples; cf. Figure 5.13. This could 
be due to the high deformation rate for the non-aged sample in which the fibres did 
not act as a “solid state lubricant”. Hence, the wear was influenced with high plastic 
deformation from the fibrous and resinous regions. In spite of this, the interfaces’ 
temperatures for the aged samples in DOT4 solution showed lower readings of tem- 
peratures. This can be one of the reasons on the superior wear performance (i. e. 
lower values of W) of the OpSeFRP composite aged in DOT4 solution as compared to 
the ones aged in DOT3 solution. 


5.4.4 Surface roughness analysis 


The roughness average profiles for the composite and counterface subjected to the 
different fibre weight fractions at 0.25 m/s sliding velocity, 0.45 km of sliding distance 
and 20 N of applied load are presented in Figures 5.14 and 5.15, respectively. Before 
the dry adhesive sliding test, the composite contacting surfaces for the different fibre 
weight percentage was polished in sequence using an abrasive paper of grade 800, 
1,000 and finally 2,000 with the presence of water. Upon that, the specimens were 
cleaned with a soft clean cloth and sundried. Accordingly, their surface roughness 
was measured before conducting the tribotest. After the test, the worn surfaces of 
the composite were cleaned with a soft clean cloth and their roughness was meas- 
ured. All roughness measurements were repeated five times where their correspond- 
ing roughness values are displayed in Figure 5.16, respectively. Similar steps were 
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Figure 5.12: Temperature versus sliding velocity at different applied loads (5, 10, 20 N) subjected 
to three different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 and 
DOT4 brake fluid solutions. 


repeated to measure the counterface surface roughness. The average roughness for 
the virgin counterface was determined to be 0.055—0.078, respectively. 

A visual examination of Figure 5.16 indicates that the surface roughness for the 
virgin composite and counterface had been modified after the test, that is surface 
roughness increased for the composite and counterface after the test. Moreover, it 
seems that when the fibre weight fraction increased, the surface roughness also 
increased. Theoretically, it can be understood that at high fibre weight fraction in the 
polyester matrix, higher resistance to sliding motion is possible due to the fact that 
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Figure 5.13: Temperature performance for the non-aged and aged samples at different applied loads 
(5, 10, 20 N) subjected to different fibre weight fractions (2.5 wt % (a), 3.0 wt % (b), 3.5 wt % (c)) of 
OpSeFRP composite aged in DOT3 and DOT4 brake fluid solutions at sliding velocity of 0.25 m/s and 
0.45 km of sliding distance. 
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Figure 5.14: Roughness profiles of the not aged (a)-(f) and aged composite in DOT3 (a)-(f) and DOT4 
(a)-(f) solutions before and after the dry adhesive sliding wear test subjected to 0.25 m/s of sliding 
velocity, 0.45 km of sliding distance and 20 N of applied normal load. Roughness profiles of the not aged 
and aged composites in DOT3 and DOT4 solutions before and after the dry adhesive sliding wear test 
subjected to 0.25 m/s of sliding velocity, 0.45 km of sliding distance and 20 N of applied normal load. 
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Figure 5.14: (continued) 


the fibres played a crucial role at the rubbing zone, that is deformation of fibres, fibre 
pull-out and geometry of the wear debris at the interacting surfaces. It was observed 
by the naked eye upon completion of the tribological test that the surfaces of the worn 
samples were “dull” and “rough”. The reasonable assumption here is that the gener- 
ated wear debris at the rubbing zone had caused an impact to the composite sliding 
surfaces where it could act as a “third body”. This third body was soon assisted to 
increase the shearing rate of the composite worn surfaces, hence increasing both 
composite and counterface surface roughness. If the third body was in rotational 
motion, the worn surfaces of the composite could have been relatively smooth due to 
the ease in sliding motion caused by the rolling debris. However, this was not the case 
since the friction coefficient had increased for the unaged and aged sample at higher 
fibre loading which is confirmed by Figure 5.10. More analysis on the composite worn 
samples will be discussed in Section 4.5. 


5.4.5 Morphology analysis of the worn samples 


The photomicrographs for the aged and non-aged samples after the test at different 
fibre loadings (2.5-3.5 wt %) and different applied loads (5-20 N) at fixed sliding 
speed of 0.25 m/s are presented in Figures 5.16-5.19, respectively. 
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Figure 5.15: Roughness profiles of the stainless steel counterface (a) subjected to the not 

aged (b)-(d) and aged composites in DOT3 (e)-(g) and DOT4 (h)-(j) solutions before and after the 
dry adhesive sliding wear test subjected to 0.25 m/s of sliding velocity, 0.45 km of sliding distance 
and 20 N of applied normal load. 


When the OpSeFRP composite was aged in DOT3 solution, different wear modes took 
place during the adhesive wear test (Figure 5.17). At low applied load (5 N), there 
was evidence of rough surface on the worn samples (Figure 5.17(a, d, g)). The rough 
surface was more obvious when the fibre loading was at 2.5 wt % (Figure 5.17(a)). This 
could cause high frictional forces between the rubbing zones. When the applied load 
increased for the same fibre loading, 10 N for 2.5 wt %, there was a sign of plastic 
deformation and patches of worn polyester. Due to the nature of the resin being brittle, 
these patches could have transformed into a third body between the interfaces that 
caused micro-ploughing when the load was further increased to 20 N (Figure 5.17(c)). 
Similar observations were evidenced when 3.0 wt % of fibre loading was used 
(Figure 5.17(d)—(£)). However, slight surface cracks could be seen on the worn surface, 
which could be due to the absence of the fibre to interlock the resin firmly, that is 
high absorption rate by the fibres when aged in DOT3 solution, cf. Figure 5.4. The 
wear was severe at 3.5 wt % of fibre loading. One can see from Figure 5.17(g)—(i) that 
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Figure 5.16: Surface roughness of the composite (a) and counterface (b) for the non-aged and aged 
samples at 20 N of applied load, 0.25 m/s of sliding velocity and 0.45 km of sliding distance sub- 
jected to different fibre weight fractions (2.5, 3.0, 3.5 wt %) of OpSeFRP composite aged in DOT3 and 
DOT4 brake fluid solutions. 


fracture on the resinous region took place as the fibre had high amount of absorption 
rate when aged in DOT3 solution. Further than that, the fibres that were exposed to 
the rubbing zone had been deformed and formed a big gap with the resinous region, 
that is debonding (Figure 5.17(h)). At 20 N of applied load, Figure 5.17(i) indicates that 
the wear was predominated with severe fracture at the resinous region associated 
with high amount of plastic deformation. Besides, worn polyester that contributed 
to a rough surface at higher applied load increased the thermal mechanical loading. 
This could help explain the high values of W friction and temperature results; cf. 
Figures 5.8, 5.11 and 5.13. 
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Figure 5.17: Photomicrographs for the different fibre loadings (2.0-3.5 wt %) in OpSeFRP composite 
aged in DOT3 solution subjected to different applied loads (5-20 N) at 0.25 m/s of sliding speed. 
Pd, plastic deformation; Wp, worn polyester; Wd, wear debris; MiPl, micro-ploughing; Ws, wear scar; 
Lap, loose abrasive particles; Df, deformed fibre; F, fibrous; Fr, fracture. 


Different wear modes were observed when the OpSeFRP composite was aged in DOT4 
solution at different fibre loadings at different applied loads (Figure 5.18). About 
2.5 wt % of fibre loading showed less damage features on the worn surfaces. There 
was evidence of soft fibre at the core of the fibre which could have been due to the 
ageing process (Figure 5.18(a)). However, as the load increased to 10 N, the cross 
section of the fibre which was exposed to the rubbing zone was in good shape, that is 
no delamination of fibre (Figure 5.18(b)). A sign of back film transfer termed “Bft” was 
evidenced when the load was set at 20 N, namely due to the increase in contact pres- 
sure increased at the contacting surfaces (Figure 5.18(c)). This assisted to protect the 
composite from further wear as the back film transfer formed a thin layer of shield on 
the composite sliding surfaces. Similar findings were reported when bamboo fibres 
were reinforced with polyester resin [17]. In that work, back film transfer was one 
of the predominant wear mechanism which assisted to reduce the material removal 
process during excessive sliding subjected to higher applied loads. Similar wear 
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Figure 5.18: Photomicrographs for the different fibre loadings (2.0-3.5 wt %) in OpSeFRP composite 

aged in DOT4 solution subjected to different applied loads (5-20 N) at 0.25 m/s of sliding speed. Pd, 

plastic deformation; Ws, wear scar; F, fibrous; Sf, spoil fibre; Bft, backfilm transfer; LWd, large wear 

debris; Twd, trapped wear debris. 


modes were observed when the fibre loadings were set to 3.0 and 3.5 wt %, respec- 
tively (Figure 5.18(d)—(i)). A visual examination of Figure 5.18(d)-(i) indicates that the 
fibre adhered well at the sliding surfaces and there was a sign of wear debris at the 
fibrous region. It is suggested here that when the sliding took place, material removal 
rate was lowered as the scattered wear debris had quickly filled up hollow spots of the 
composite worn surfaces; cf. Figure 5.18(e) and (g). This contributed to a more gradual 
wear throughout the sliding process. Besides that, the scattered debris could have 
formed back film transfer due to the thermomechanical loading which was more likely 
to take place at high applied loads (Figure 5.18(f)). On the other hand, no film trans- 
fer was observed on the worn samples of the composite reinforced with 3.5 wt % of 
fibres, cf. Figure 5.18(g)—(i). Microscopic analysis showed that the exposed fibre in the 
rubbing zone was in good shape. Besides, the loose wear debris trapped in the hollow 
areas of the composite sliding surface could have been detached due to machine 
vibration (Figure 5.18(g)). These wear debris interacted in the sliding surfaces and left 
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Figure 5.19: Photomicrographs for the non-aged OpSeFRP composite at different fibre loadings 
(2.0-3.5 wt %) subjected to different applied loads (5-20 N) at 0.25 m/s of sliding speed. Pd, plastic 
deformation; Wp, worn polyester; Wd, wear debris; Cr, crack; Ws, wear scar; Lap, loose abrasive 
particles; Fr, fracture; Hs, hollow spots; LWd, large wear debris. 


wear scars on the composite which could contribute in high friction coefficient values 
(Figure 5.18(i)). All in all, the wear modes observed in Figure 5.18 can help explain the 
improvement in wear and fictional performance of OpSeFRP composite when aged in 
DOT4 solution as compared to the ones aged in DOT3 solution. 

At a glance from Figure 5.19, it can be seen that the wear mechanism for the non- 
aged sample at different fibre loadings and applied loads was severe. This could be 
due to the fact that the fibre was dry and did not contribute to any ease of sliding 
motion at the rubbing zone. Instead, with the rapid material removal from the fibrous 
and resinous regions, high plastic deformation associated with worn polyester was 
observed in all the figures. Moreover, there were loose abrasive particles evidenced 
on the worn samples (cf. Figure 5.19(d) and (i)), which could increase the W, of the 
composite. Additionally, almost all of the worn images experienced a rough surface 
after the dry adhesive test which can help clarify on the poor wear and friction perfor- 
mance of the non-aged composite. 
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5.5 Conclusion 


After conducting this work, a few important points can be drawn as follows: 


1. 


OpSeFRP composite have high absorption rate in DOT3 solution since the ageing 
solution has high kinematic viscosity as compared to DOT4 ageing solution. 
Additionally, at high fibre loading condition, the absorptivity rate increased for 
both DOT3 and DOT4 solutions. 

The wear performance of the OpSeFRP composite followed the order of: 


Wo wt % > Wos wt % >> Wos wt % for DOT3 while Wo wt % > W5 wt % > Was wt % for 
DOTA, respectively. 


W, for 3.0 wt % of OpSeFRP composite was lowered by 28.6 % and 36.7 % for 
DOT3 and DOT4 ageing solutions as compared to the non-aged samples for the 
same fibre loading conditions. 

Friction coefficient for 3.0 wt % of OpSeFRP composite was reduced by 2.2 % and 

11.7 % for DOT3 and DOT4 ageing solutions as compared to the non-aged samples 

for the same fibre loading conditions. 

The predominant wear mechanism on the composite worn surfaces is as follows: 

— Composite aged in DOT3 solution: Evidence of rough surfaces assisted with 
micro-ploughing for 2.5 wt % samples. About 3.0 and 3.5 wt % samples 
demonstrated micro-cracks, mild fracture on the resinous region associated 
with low amount of plastic deformation. 

— Composite aged in DOT4 solution: All samples with different fibre loading 
(i. e. 2.5, 3.0 and 3.5 wt %) conditions showed that the exposed fibre on the 
worn surfaces of the composite was in good shape; fibre was able to carry the 
load well. There was evidence of back film transfer for the 2.5 and 3.0 wt % 
samples. For the 3.5 wt % samples, there was evidence of slight micro-scares 
on the worn surface. 

— Non-aged samples: All samples with different fibre loadings exhibited 
thermal mechanical loading. There was a sign of loose abrasive particles at 
the worn surfaces associated with plastic deformation. 

Interface temperatures for the aged samples were lower than the non-aged 

samples. This was attributed to the presence of DOT3 and DOT4 solutions at 

the interfaces of the composite sliding surfaces against the counterface which 
assisted to act as a “coolant” thereby reducing thermomechanical loading. 

The R, values after the test were highly pronounced for the non-aged samples 

that experienced high thermal deformation. On the contrary, R, values were low 

for all fibre loading conditions for the aged samples after testing, denoting that 
the roughness values were the lowest for the samples aged in DOT4 as compared 
to DOT3 solution. 
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